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Abstract
In this thesis I present a study of the properties of AGN populations based on X-ray 
surveys with ROSAT and Chandra.
I have studied the short timescale X-ray variability properties of a sample of 156 
radio-quiet quasars taken from the ROSAT PSPC archive covering a redshift range 0.1 < 
z  < 4.1. I use a maximum likelihood method to constrain the amplitude of variability, 
and combine light curves in ensembles in order to identify correlations with luminosity 
and with redshift. Variability amplitude is found to be anti-correlated with luminosity 
for quasars out to redshif'ts of ~  2, in good agreement with the relation found for local 
AGN (z  < 0.1). There is tentative evidence for an increase in X-ray variability amplitude 
towards high redshifts (z > 2) in the sense tha t quasars of the same X-ray luminosity 
are more variable at z > 2. I have discussed possible explanations for this effect. The 
simplest explanation may be tha t high redshift quasars are accreting more efficiently than 
local AGN.
The spectral shape of the hard X-ray background may be produced by the cumulative 
emission of a large population of obscured AGN. Comastri et al. (1995) have predicted 
the ratios of objects with X-ray column densities necessary to provide a fit to the X-ray 
background. Using these ratios together with the observed broad band spectral energy 
distributions of quasars, I have estimated the characteristics such a population would 
exhibit from submillimetre to ultraviolet wavelengths. Predictions for the contribution of 
these obscured AGN to mid-infrared surveys are a good fit to the observed number counts 
of sources displaying both 15/im and X-ray emission.
Finally, I have analysed X-ray source properties and statistics in two deep Chandra 
observations of the ELAIS fields N1 & N2. I present a comprehensive source catalogue 
of 233 point sources. In addition, 2 extended sources are detected and found to be
associated with galaxy clusters. An overdensity of sources is found in region N1 with 
30% more sources than N2. Number count relations reveal a greater fraction of hard 
spectrum sources towards fainter X-ray fluxes. The fraction of sources with galaxy-like 
optical counterparts similarly increases towards faint fluxes. A possible explanation is 
th a t obscuration is causing intrinsically bright, softer-spectrum AGN to appear as faint, 
hard X-ray sources with galaxy-like optical counterparts.
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This thesis aims to shed light on the nature of Active Galactic Nuclei (AGN) by studying 
their behaviour as a group. All AGN are not equal. They display a variety of properties 
tha t at first led them to be classified as separate astronomical phenomena. However, many 
of the differences may be due to the direction from which these objects are observed, their 
rate of fuelling and their stage of evolution (e.g. Dopita 1997). The extent to which these 
factors play a part is at present a m atter of debate.
Emission from AGN is considered to be driven by accretion onto a supermassive 
black hole. The current paradigm describes an accretion disc composed of optically- 
thick plasma. A radial tem perature gradient gives rise to therm al radiation from infrared 
through to ultra-violet wavelengths and perhaps even soft X-rays. In the inner regions, 
a hot optically-thin plasma in a corona surrounding the disc produces emission in the 
medium to hard X-ray band. Surrounding the core, fast moving gas clouds give rise 
to Doppler-broadened line emission. From certain viewpoints these are obscured by dust 
which therm ally radiates in the infrared. Further out, slow moving gas ionised by the cen­
tral source produces narrow emission lines. In a small minority of cases, highly relativistic 
bipolar outflows of energetic particles lead to extended radio emission.
This picture has been built up through the study of AGN in two ways. Firstly, by the
1
1.1 AG N continuum  spectra 2
in-depth study of individual AGN in the local universe, and secondly, through studying 
statistical samples tha t cover a range of redshift and luminosity as well as other properties. 
AGN surveys are able to determine the relationships between the various properties of 
these objects and interpret their importance.
In this thesis I have used samples of AGN to observe short-timescale X-ray variability 
characteristics at the highest redshifts yet studied. Tentative evidence has emerged that 
AGN may behave differently at high redshift. This work can be found in chapter 2. 
In chapter 3 I have developed models to determine the impact of a large population of 
obscured AGN on the cosmic background emission. The shape of the X-ray background 
can be accounted for by the combined emission of a population of AGN whose soft X-ray 
flux has been attenuated by columns of gas. These objects may not previously have been 
identified as AGN if their optical emission is also obscured by dust. The existence of 
these hard X-ray sources is now coming to light with the recent deep surveys of Chandra 
and XMM. In chapters 4 & 5 I detail my work on the ELAIS Deep X-ray Survey. This 
involves the identification of X-ray sources in deep Chandra images, compilation of the 
source catalogue, and an analysis of the statistical properties of the sources. The Chandra 
data also allows some comparisons with the theoretical models described in chapter 3.
To begin, f will give a brief background into the aspects of AGN th a t are covered in this 
thesis, namely, the characteristics of AGN continuum spectra, the nature of obscuration, 
and the properties of AGN X-ray variability.
1.1 AGN continuum spectra
AGN exhibit significant emission in nearly all wavebands studied to date. Their spectra 
span hard X-rays to the far infrared with almost equal power per decade of frequency. 
Closer inspection reveals a number of features such as dips and bumps th a t consistently 
recur from one AGN to the next. These features are illustrated in figure 1.1 which is 
loosely based on the mean spectrum of a sample of predominantly ‘UV excess’ selected
1.1 AG N  continuum  spectra 3
log v (Hz)
Figure 1.1: Schematic representation o f an AGN continuum spectrum including a pos­
sible source for each emission component.
quasars from Elvis et ol. (1994). The most notable features include the following:
• The ‘big blue bum p’ covers the wavelength range from ~  4000 A to at least 1000 A. 
W hether this feature extends further into the EUV is unclear. Our galaxy becomes 
virtually opaque at wavelengths between 912 A and ^  100 A due to absorption by 
neutral hydrogen.
• The ‘near-infrared inflection’ appears as a dip between 1 pm  and 1.5 pm. This is 
practically the only continuum feature with a well defined wavelength (Neugebauer 
et al. 1987).
• The ‘infrared bum p’ is a broad feature longward of the 1 pm  inflection.
•  The ‘submillimetre break’ marks a sharp drop in emission and is the strongest feature 
seen in normal quasar continua. The exact location of this feature and the size of
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the drop varies within the AGN population. In ‘radio-loud’ objects the drop in 
power output is only ~  2 decades, while for the more common ‘radio-quiet’ objects 
it may be ~  5 or 6 decades (Elvis et al. 1994).
• The X-ray continuum can broadly be described as a power law from energies of ~  
1 keV up to an eventual cut-off somewhere beyond 100 keV.
• The ‘soft X-ray excess’ describes an emission component observed below ~  1 keV. 
This appears to be a common feature of Seyfert galaxies (Pounds & Reeves 2002) 
and quasars (Elvis et al. 1994) though may not be ubiquitous.
The origin of these continuum features is not well understood. They cannot in general 
be satisfactorily fitted with simple therm al or non-thermal emission mechanisms. In this 
section I will discuss some of the models proposed to account for the complex AGN 
continuum. I will limit these descriptions to the spectra of Seyfert I galaxies and ‘norm al’ 
radio-quiet quasars to avoid confusion due to the effects of obscuration (in the case of 
Sevferts IIs and type 2 quasars) and beaming (blazars etc.).
1.1.1 X-ray spectra
To first order, the X-ray spectra of AGN are power laws of the form 5„ oc v~a with 
a  ~  0.7, modified by photoelectric absorption at soft energies (Mushotzky 1980, Halpern 
1982, Rothschild et al. 1983). ROSAT and Ginga, sensitive in the ranges 0 . 1 - 2  and 2 - 
30 keV respectively, revealed a more complicated structure with a softer underlying power 
law of a  ~  0.9. Superimposed on this continuum are a number of features illustrated in 
figure 1.2. A strong emission line is seen at a rest frame energy of ~  6.4 keV (e.g. Pounds 
et al. 1990). This is interpreted as fluorescent Fe K emission, but with an equivalent 
width too great to be the result of absorbing material in the line of sight (Makishima 
1986). The spectra are seen to harden beyond this feature to form a bump peaking at ~  
30 keV. This can be explained by a reprocessing (Compton scattering or ‘reflection’) of 
the X-ray power law within optically thick material (e.g. George & Fabian 1991). The
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Figure 1.2: Schematic diagram displaying the key features o f a Seyfert 1 X-ray spectrum  
(from  Fabian 1998b).
intensity of this component is consistent with the reflector subtending a solid angle of 2tt 
(Nandra et al. 1991), most likely the accretion disc itself. Photoelectric absorption by 
elements within the disc result in Compton reflection only becoming dominant beyond 
the absorption edge of iron. Beyond the peak at ~  30 keV the spectrum steepens due to 
the effects of energy loss to electron recoil and reduction in the scattering cross-section.
At soft X-ray energies, the power law continuum is often absorbed by ionised material 
in the line of sight. This is known as the ‘warm absorber’ and is generally characterised by 
the K-shell absorption edges of ionised oxygen which fall within the ROSAT and ASCA 
bandpasses. Absorption by cold material is also seen in some objects although these are 
usually classified as obscured AGN (see section 1.2). Photoelectric absorption may often 
mask the presence of the ‘soft excess’. Identification of this feature is also hampered by 
its position at the bottom  of the bandpass for most X-ray telescopes. However, recent 
XMM-Newton spectra of a sample of 6 Seyfert I galaxies reveals an excess soft emission 
component in each case (Pounds & Reeves 2002).
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A final im portant aspect of AGN high energy spectra is an exponential cut-off at ~  
200 1-ceV (e.g. Seyfert I galaxy IC 4329a, Madejski et al. 1995). Although the exact energy 
of this cut-off is uncertain, no radio-quiet AGN has been detected beyond several hundred 
keV.
Models for the X-ray spectra of AGN generally attem pt to explain the underlying 
power law and high energy cut-off, considering the remaining spectral features to be due 
to the effects of reprocessing. The majority ascribe the power law to the inverse Compton 
scattering of soft photons in a bath of ‘h o t’ electrons. Variations in this model depend on 
the energy distribution of these electrons and their location in relation to the accretion 
disc.
In the ‘non-therm al’ model (Zdziarski et al. 1990, Zdziarski & Coppi 1991), electrons 
are accelerated to relativistic energies, perhaps due to magnetic reconnection events. Col­
lisions with photons and other electrons cause a ‘pair cascade’ which then Comptonise 
UV and optical photons from the disc. The pairs then thermalise to tem peratures of a 
few keV resulting in further upscattering of UV photons to form the soft excess. A major 
problem with this model is tha t the pairs should eventually annihilate to produce a strong 
emission line at 511 keV. This line has never been observed. It is therefore thought likely 
th a t the scattering electrons have a thermal (‘Maxwellian’) energy distribution. This 
would predict a high energy cut-off (Ec) at E c/ 1.6 ~  kTpiasma for a Comptonising plasma 
at tem perature Tpiasma (e.g. Pietrini & Krolik 1995).
The geometry of this Comptonising plasma remains uncertain. A simple ‘sandwich’ 
model describes a cool, optically thick accretion disc covered by a hot optically thin layer 
(e.g. Maraschi & H aardt 1996). A certain fraction (f) of the gravitational energy is 
dissipated in the hot corona, with the remainder (1-f) dissipated in the disc. Isotropic 
Comptonisation results in half the emission escaping directly from the corona. Of the half 
which impinges on the disc, 10 - 20% is reflected to produce the Compton reflection bump 
and the Fe K fluorescence line. The remaining 80 - 90% is photoelectrically absorbed and 
eventually reem itted as therm al radiation in the ‘big blue bum p’.
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Problems with this model geometry arise on attem pting to fit the slope of the X-ray 
spectra. It is found the fraction, f', needs to be ~  1 or too many soft ‘seed’ photons 
will be produced. This would require the entire optical-UV bump to be reprocessed 
emission. In reality UV luminosities appear to be larger than bolometrically corrected 
X-ray luminosities for Seyfert galaxies (Walter & Fink 1993). An alternative geometry 
consists of the ‘patchy corona’ model. Here the magnetic field releases energy into the 
corona in discrete active, or flaring regions (Galeev, Rosner & Vaiana 1979). In these 
regions f ~  1 while elsewhere on the disc f ~  0 and the primary UV emission is relatively 
unimpeded. This model is supported by observations of continuum variability. The 
reprocessed contribution to the UV bump would be expected to vary simultaneously 
with the X-ray, while the primary thermal disc emission would vary much more slowly. 
Variations in the optical-UV and medium X-ray on timescales of weeks to months, have 
been observed to be well correlated in a number of AGN (NGC 4151: Warwick et al. 1996, 
NGC 5548: Tagliaferri et al. 1996). The UV and X-ray variations are, however, not 
perfectly correlated as required by the ‘sandwich’ model geometry.
These models still do not explain the source of the soft X-ray excess. The emission 
process is poorly constrained due to the large gap in the data  between the UV and soft 
X-ray. An early candidate was the tail end of a m ulti-tem perature therm al accretion disc 
spectrum, the cool end of which is the ‘big blue bum p’. However this requires an extremely 
high tem perature which appears unlikely, even for the inner edge of the disc. In the case 
of NGC 5548 at least, the soft excess requires tin entirely separate spectral component in 
order to fit the data  (Magdziarz et al. 1998). Other models include blended soft X-ray line 
emission (e.g. Turner et al. 1991), or reprocessed Comptonised emission from the surface 
layers of the disc. However, none of these models is completely satisfactory. In particular, 
recent evidence th a t variations in the soft excess may lead variations in the medium X-ray 
band (Chiang et al. 2000) causes major problems for the reprocessing scenario.
A feature of AGN X-ray spectra tha t appears to manifest well beyond the accretion 
disc is the signature of the ‘warm absorber’. Absorption edges of O vn at 739 eV and 
0  viii  at 870 eV are found in at least half of all Seyfert Is and a few quasars (Mathur
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et al. 1994). In the same objects, UV and optical absorption features are also typically 
found although the warm absorber has a higher ionisation state  (Crenshaw et al. 1999). 
In all cases, absorption features are blue shifted indicating an outflow of material. For 
the X-ray absorption lines typical velocities are hundreds to several thousand km s_1 (e.g. 
K aastra et al. 2000, Kaspi et al. 2001, Collinge et al. 2001), considerably slower than the 
broad-line region clouds. The warm absorber is thought to be an ionised wind, (perhaps 
evaporated off the inner edge of a dusty torus, Krolik & Kriss 2001) which may also be 
responsible for scattering the nuclear light in obscured AGN.
1.1.2 Optical - UV continuum
Dominating the optical - UV spectra of AGN is the broad continuum feature known as the 
‘big blue bum p’. The exact shape of this feature is confused by a large number of broad 
and blended lines thought to be emitted from fast moving ionised clouds near the centre 
of the AGN. In particular, superimposed on the continuum between 2000 A and 4000 
A is a feature known as the ‘small blue bum p’, made up of the Balmer continuum and 
blended Balmer and Fe n line emission. Figure 1.3 displays these features in a composite 
quasar spectrum. At wavelengths redwarcl of Lya the composite uses quasars from the 
Sloan Digital Sky Survey selected on the basis of their optical colours (Vanden Berk et 
al. 2001). The slope of the optical continuum generally varies between a u ~  —1 to 0, 
from AGN to AGN. For this sample the median slope is olv =  —0.46. The continuum 
blueward of the Lyman edge is rarely observed. However Zheng et al. (1997), compiled a 
spectrum from a sample of redshift ~  1 quasars with relatively low line-of-sight column 
densities for intergalactic absorption. The composite HST/FOS spectrum  is displayed 
blueward of Lya in figure 1.3. There appears to be a break in the continuum slope at ~  
1050 A with av ~  —1.8 in the far ultra-violet. It should be noted tha t there are a number 
of difficulties in measuring the true spectral slope in optical-UV data  due to absorption 
and emission in intervening material. Host galaxy contam ination can play a major role 
in low luminosity AGN, especially in the case of a nuclear starburst th a t can rarely be
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Figure 1.3: Optical - UV composite quasar spectrum. Longward o f Lya, data is compiled 
from ~  2200 quasars from the Sloan D igita l Sky Survey (Vanden Berk et al. 2001). The 
change in slope at 5000 A may be partly due to  host-galaxy contam ination. Shortward o f 
Lyo;, data has been taken from HST/FOS observations o f radio quiet quasars, corrected 
for Galactic reddening and intergalactic absorption (Zheng et al. 1997).
resolved. Intrinsic reddening by dust very close to the AGN can also have a dramatic 
effect on the slope of the observed spectrum. Problems also arise from combining spectra 
that may be from objects in intrinsically different states. Therefore, composite spectra, 
while useful for estimating the total output of the AGN population, do not have any real 
physical meaning. Models of the source emission need to be able to fit individual spectra.
Most current models interpret the big blue bump as thermal emission from an optically 
thick, geometrically thin accretion disc. A radial tem perature distribution in the disc 
results in emission approximated by a multi-blackbody spectrum. Therefore, the majority 
of the flux at different wavelengths is emitted from physically distant regions of the disc.
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This immediately causes a problem for these models as variations in the continuum are 
observed to be virtually simultaneous at optical and UV wavelengths (Ulrich et al. 1997). 
Changes would therefore need to propagate at speeds much greater than the sound speed 
in the optically thick medium. The multi-blackbody model also has problems fitting the 
optical continuum slope, usually producing spectra tha t are too ‘blue’ to fit the data.
More realistic models consider vertical structure and radiative transfer along the disc, 
often using stellar atmosphere models. However, these predict features tha t are generally 
not seen in AGN ultra-violet spectra. The optical depth to bound-free absorption in 
the disc will change sharply at the Lyman limit (912 A). Effectively, photons redward of 
the Lyman limit may escape from deeper regions of the disk. Therefore, if a temperature 
gradient is present there should be a Lyman edge in the UV spectrum. A rest-frame Lyman 
edge feature is rarely observed (~  10% of cases, Koratkar &, Blaes 1999) and in these is 
extremely weak. The models also predict electron scattering opacity to be im portant in 
the disc which would lead to significant polarisation in an orientation perpendicular to the 
disc axis. Observed optical polarisations are much lower than those predicted and appear 
to be parallel to the disc axis, where this can be inferred from radio jets (Kembhavi & 
Narlika 1999).
In the reprocessed Comptonised emission model discussed in section 1.1.1 it is possible 
to produce polarisations parallel to the disc axis as well as a smearing out of the Lyman 
edge. The high polarisations produced by inverse Compton scattering may also be reduced 
to the level of those observed, through magnetic fields causing Faraday rotation (e.g. 
Begelman 1994). The reprocessing model appears to be the only way to explain the 
simultaneity of variations in the optical and UV. However, recent variability studies of 
NGC 7469 (Nandra et al. 1998) and NGC 3516 (Edelson et al. 2000) have shown the 
UV and X-ray bands are not well correlated in these objects. This is contrary to the 
scenario observed in NGC 4151 and NGC 5548, as previously discussed, and indicates the 
mechanism may be more complicated than current models suggest.
1.1 AGN continuum spectra 
1.1.3 Infrared continuum
PG 1351+ 640
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Figure 1.4: Infrared spectral energy d istribution o f the radio-quiet quasar PG1351+640  
(from  Wilkes et al. 1999).
AGN infrared continua describe a broad, smooth bump between the wavelengths of 
~  2 - 100 pm. The emission is generally comparable in strength to the optical - UV, 
and is much too wide to be explained by a single-temperature greybody. Figure 1.4 
displays the infrared spectral energy distribution of a typical low-redshift radio-quiet 
quasar, PG1351+640 (Wilkes et al. 1999). In the near-infrared the bump ends with a 
local minimum at ~  1 pm. Beyond ~  100 pm  there is a sharp drop-off towards the 
submillimetre.
The infrared emission in AGN can be non-thermal (synchrotron) or thermal in ori­
gin. There are a number of diagnostic features in the spectrum tha t in many cases can 
unambiguously distinguish between the two. The most im portant of these is the slope 
of the steep cut-off at submillimetre wavelengths. The power-law spectrum produced by 
synchrotron emission can be well fitted to the flat AGN continua at mid-infrared wave­
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lengths, with the low frequency turnover explained by synchrotron self-absorption. For 
a power-law distribution of electrons, a synchrotron self-absorbed spectrum will have a 
slope of S u oc v Q where a = —2.5. In general, for an inhomogeneous region, the spec­
trum  would be somewhat flatter. It is possible, for certain electron energy distributions, 
to obtain steeper spectra but only at wavelengths well past the turnover (Schlickeiser et 
al. 1991). It is also possible to fit the broad infrared bump with a multi-temperature 
thermal spectrum due to dust emission. In the Rayleigh-Jeans limit for optically thick 
media, the spectrum will take the form S v oc v~a with a = — 2. However, for photon 
wavelengths longward of 100 pm, the absorption coefficient is very low and the dust may 
be optically thin. The spectrum will then depend on the emission efficiency of the dust 
grains which is a sensitive function of frequency and can produce extremely steep cut-offs. 
For spectral slopes steeper than a  =  —2.5 this is the only viable mechanism.
The presence of a local minimum at ~  1 pm  also hints at a thermal emission mecha­
nism. At these wavelengths, thermal emission would require tem peratures of ~  2000 K. 
This is interpreted as emission from the dust closest to the nuclear source ( 0.1 pc).
At higher tem peratures the grains sublimate and the thermal spectrum will cut-off as 
the Wien tail of a ~  2000 K blackbody. A consistent grain sublimation temperature will 
lead to the observed consistency in the inflection frequency amongst AGN (Sanders et 
al. 1989).
Infrared continuum variability can also provide a valuable diagnostic. The source size 
for synchrotron self-absorption can be determined from the frequency of the turnover. 
To explain the 100 pm  cut-off, the synchrotron source would be ~  light days across. 
Variability would therefore be expected over a timescale of days (see section 1.3) for the 
entire infrared band. For the thermal dust emission scenario, the hotter dust is closer to 
the central source and covers a smaller region than the cooler dust further out. At ~  1 
jttm, variability would be expected on timescales of months to years, while at ~  100 pm  the 
continuum would vary slowly over thousands of years. As the dust emission is considered 
to be reprocessed radiation from the central source, the infrared variations should trace 
variations in the optical - UV. In the case of the Seyfert galaxy Fairall 9, the near infrared
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continuum variations have been observed to lag behind UV continuum variations by ~  
400 days (Clavel, Wamsteker, & Glass 1989). This is consistent with emission from dust 
residing ~  400 light days from the nucleus. Variations in the far-infrared have only been 
observed for radio-loud AGN (Edelson & Malkan 1987).
Recent advances in this field have been gained with data from the Infrared Space 
Observatory (ISO). It is now widely accepted that radio quiet quasars are dominated by 
thermal emission in the far-infrared, while flat spectrum radio-loud quasars usually have 
a noil-thermal component tha t swamps all other emission (e.g. Haas et al. 1998).
In order to fit the infrared continuum of AGN, a range of dust temperatures ~  50 - 500 
K are required (Wilkes 2001). This is difficult to achieve through a model of reprocessed 
emission from the central source. Sanders et al. (1989) proposed a warped-disc geometry 
to account for the far-infrared emission. Warping is required to increase the covering 
factor of the disc in order to produce the observed far-infrared to UV ratio. The disc 
would need to extend a few kiloparsecs from the nucleus in order to produce the longest 
wavelengths in the infrared bump.
Many models have proposed a toroidal geometry for the emitting dust (e.g. Pier 
& Krolik 1992, Granato & Danese 1994, Efstathiou & Rowan-Robinson 1995). These 
generally extend only to mid-infrared wavelengths and find it difficult to account for the 
cool far-infrared emission. This may be produced further out in a circumnuclear starburst. 
However, the observed correlation between the mid and far-infrared luminosities indicates 
that the emission processes must be linked. It is possible that the starburst and AGN are 
triggered by the same interaction or merger event (Rowan-Robinson 2001).
W hatever the geometry of the emitting dust, it is evident th a t for an observer behind 
the optically thick medium, the view of the central radiating source will be obscured. 
These AGN will appear very different and may not be immediately recognised as active 
galaxies at all.
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1.2 Obscured AGN
1.2.1 Seyfert II galaxies
The m ajority of AGN seen in the local universe are of low luminosity and are classified as 
Seyfert galaxies (an often adopted arbitrary criterion is M B > -21 .5  +  51og7i0, Schmidt 
& Green 1983). All Seyfert galaxies show narrow high ionisation emission lines in their 
spectra indicating the presence of strong ionising radiation. However, some of these, 
known as Type I Seyferts, also display a broadening of the perm itted lines. This indicates 
the presence of a dense, fast moving gas (~  104 km s_1), not seen in Seyfert IIs. This gas 
is thought to be in the form of clouds very close to the centre of the AGN. These may 
be transient structures blown from the surface of the accretion disc in violent magnetic 
reconnection events, or perhaps dense inflowing regions. The narrow line region is much 
further out, with gas velocities of only a few hundred km s-1 (Peterson 1997).
Seyfert Is and IIs do not form two distinct groups. There is a continuum of objects 
in between where the broad line components are only weakly observable and may vary 
quite considerably. This led to the idea that Seyfert Is and IIs may be intrinsically the 
same phenomenon viewed through varying amounts of attenuating dust (Rowan-Robinson 
1977, Lawrence & Elvis 1982). This may be in the form of a Atx steradian shell of varying 
thickness, an axisymmetric structure viewed from different angles, or perhaps a patchy 
dust covering. The idea of a geometrically thick dust torus was put forward on the basis of 
observations of NGC 1068 and other Seyfert IIs in linear polarised light (e.g. Antonucci 
& Miller 1985). The broad lines detected in these spectra are thought to be reflected 
above the torus by a population of free electrons perhaps in the narrow line region. Such 
observations lead to ‘unified schemes’ in which all AGN possess an obscuring torus but 
differ only in orientation. Thus Seyfert Is would be viewed face on with a clear line of 
sight to the broad line region whilst in Seyfert IIs the torus would be viewed edge on.
The case of Seyfert IIs demonstrates th a t local and relatively low luminosity AGN
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may often be obscured, though it remains unclear whether this is the case for AGN of 
high luminosity and redshift. There is, however, further evidence for the existence of a 
large obscured population in the form of the black hole “relic problem” .
1.2.2 Quasar relics
Taking the assumption tha t all the emission from quasars comes from accretion on to 
a massive black hole, it follows that this emission integrated over the lifetime of the 
universe should tell us the total mass now residing in the relics of these quasars. Using an 
observed luminosity function, an assumed cosmology, and a bolometric correction factor, 
this integrated emission can be calculated from the mean surface brightness of the sky in 
optical quasar light (Soltan 1982). We then need to estimate a mean accretion efficiency 
to convert this to a density in black holes. Chokshi & Turner (1992) use an accretion 
efficiency of 10% , and arrive at a value of £>bh  =  2 x  105 M0 Mpc-3 .
The density in black holes actually observed has also been calculated. Magorrian et 
al. (1998) undertook a kinematic study of 36 nearby galaxies and found evidence for black 
holes in at least 32 of these. A correlation between the mass of the black hole and the 
mass of the galactic bulge was also found with an average ratio Mbh ~  0.006xM buige. By 
observing the to tal integrated emission from starlight in galaxies and converting this to a 
mean mass of stars in galactic bulges, we can calculate an observed local density in black 
holes. This comes out to be an order of magnitude higher than tha t predicted from the 
integrated quasar emission (Lawrence 1999 and references therein).
The conclusion therefore, is tha t there appear to be more black holes than we can 
account for. Unless the assumptions used for these calculations are wrong, there must 
be a large population of obscured quasars tha t are not observed at optical wavelengths. 
This scenario appears particularly plausible if we consider the effects of dust absorption 
on the optical - UV continuum. Figure 1.5 displays the effect on the AGN continuum of 
different amounts of absorbing material characterised by their visual extinction (Ay). A
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Figure 1.5: Effect o f dust absorption on the UV to infrared AGN continuum. This plot 
has been calculated from the dust extinction model developed in chapter 3 using the mean 
radio-quiet quasar SED from Elvis et al. (1994). A standard gas-to-dust ratio o f 2 x 1021 
cm -2 mag-1 would lead to  the associated gas absorption plotted in figure 1.7.
relatively small amount of dust can effectively wipe-out the UV emission.
1.2.3 The X-ray background
Another m ajor piece of evidence for the existence of a large population of obscured AGN 
comes from the nature of the X-ray background.
The spectral shape of the X-ray background is displayed in figure 1.6. In the 3 - 20 keV 
range the background spectrum can be approximated by a power-law with an energy index 
of a  ~  0.4 (Comastri et al. 1995). The normalisation is somewhat uncertain and varies by 
up to ~  40% between measurements (Vecchi et al. 1999). The background peaks at ~  30








Figure 1.6: Contribution o f unabsorbed AGN to  the X-ray background (Comastri et 
al. 1995). Measurements o f the extragalactic X-ray background are from  Comastri (2000) 
and references therein.
keV (Gruber et al. 1999) before dropping away towards higher energies. This spectral 
shape is almost exactly tha t expected as a result of thermal bremsstrahlung emission from 
a hot intergalactic gas. However, a diffuse origin of this kind can now be ruled out due 
to measurements of the cosmic microwave background. A hot intergalactic gas should 
inverse Compton scatter photons from the microwave background causing considerable 
distortions which are not observed (Wright et al. 1994).
At soft energies, deep surveys with ROSAT have been able to resolve most of the X-ray 
background (Shanks et al. 1991 ~  30%, Hasinger et al. 1998 ~  70 — 80%). Identification 
of these sources has revealed a high proportion of broad-line AGN (Schmidt et al. 1998). 
At harder energies, however, the spectral shape of the X-ray background and tha t of 
broad-line AGN are quite different (Almaini et al. 1996). At energies of ~  30 keV where 
the X-ray background peaks, the steep spectrum quasars may only contribute ~  10% 
(Fabian et al. 1998). There must therefore be a new population of hard spectrum objects 
appearing a t higher energies.
A number of models attem pted to ascribe the shape of the X-ray background to a
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Figure 1.7: Effect o f gas absorption on the X-ray AGN continuum (courtesy o f 0 .
Johnson).
population of quasars with a strongly enhanced Compton reflection component in their 
spectra (e.g. Fabian et al. 1990). However, these models cannot match the number counts 
or spectra of sources detected at soft X-rays (Setti 1992, Comastri 1992). The spectra 
of starburst galaxies and cluster emission are generally too soft to provide a significant 
contribution. Obscured AGN, however, would have hard spectra due to absorption of soft 
X-rays by the obscuring gas. Figure 1.7 displays the effect of gas absorption on the X-ray 
continuum. Increasing columns of gas act to progressively harden the observed spectrum. 
By adding up the contribution from obscured AGN over a wide range in redshift and 
column density, one can readily reproduce the spectrum of the X-ray background (e.g. 
Comastri et al. 1995, see section 3.2). Fabian & Iwasawa (1999) used the assumption that 
the X-ray background is made up of obscured AGN to derive the mass density in black 
holes. The resulting value is within a factor of 2 of tha t determined for local galaxies by 
Magorrian et al. (1998), providing a possible solution to the relic problem.
Obscured AGN are not the only viable candidates for the inferred hard spectrum 
population. Galaxies with an advection-dominated accretion flow (ADAF) would have
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intrinsically hard spectra. In these objects, the accretion disc takes the form of an optically 
thin, two-temperature plasma consisting of hot ions and cooler electrons. X-ray emission 
is produced by the electrons via thermal bremsstralung and inverse Compton scattering. 
A superposition of such objects at high redshift (z ~  2 — 3) can produce a very good fit 
to the X-ray background, and provides an explanation for the lack of an iron feature in 
the background spectrum (Di Matteo et ol. 1999).
1.3 AGN X-ray variability
Study of the variability of AGN over a wide range of frequencies has been a valuable tool 
in determining the relationship between various emission features seen in AGN spectra 
(see section 1.1). The intrinsic nature of this variability can also be useful in determining 
certain characteristics of the source. Variations on a time scale of A tvar in the rest frame, 
indicate the source of the variable component has a size scale:
R < cA tvar (1.1)
For sources larger than R, the variations could not be causally connected over the full 
extent of the source. This becomes a useful constraint when studying X-rays, which are 
found to vary faster than any other waveband. The X-ray flux generally accounts for at 
least 10 % of the to tal bolometric flux in AGN (e.g. Ward et al. 1987), while variations 
have been observed down to time scales of less than 1 hour. This indicates significant 
emission is produced in a very small region, and provides strong evidence for the existence 
of an accreting black hole.
Rapid X-ray variability appears to be very common in AGN (e.g. Turner 1988). Light 
curves can often look qualitatively very different, but they generally appear completely 
random in nature with no characteristic time scales or periodicities, indicating there are no 
long-lived orbiting components. Power spectra show ‘red noise’ (i.e. more power at lower 
frequencies), with the form P ( f)  oc f~ a where a  «  1.5 (Lawrence k  Papadakis 1993, 
Green et al. 1993). Departures from a featureless power spectrum are rare. Figure 1.8
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Figure 1.8: X-ray variability o f the Seyfert galaxy IMGC 4051. Top: Low Energy (0.05 
- 2 keV) EXOSAT ligh t curve binned on a timescale o f 300 s. Bottom : Temporal power 
spectrum displaying characteristic ‘red noise’ and a possible quasi-periodic oscillation at 
~ 4 x  10-4 Hz. Data provided by A. Lawrence.
displays the 3 day light curve of a particularly variable Seyfert galaxy, NGC 4051. The 
power spectrum  of this light curve shows the characteristic ‘red noise’ although excess 
power is discernible in a broad component around ~ 4 x  1CT4 Hz. Papadakis k  Lawrence 
(1995) ascribe this feature to a quasi-periodic oscillation perhaps indicative of an orbital 
time scale. Some evidence for quasi-periodic oscillations has also been observed in NGC 
5548 (Papadakis k  Lawrence 1993) and IRAS 18325-5926 (Iwasawa et al. 1998), and in 
a handful of AGN a turnover has been seen at low frequencies (e.g. Edelson k  Nandra 
1999). A high frequency cut-off would indicate the size of the emission region, although 
this cannot yet be distinguished from the noise for even the most well studied AGN.
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Figure 1.9: X-ray variance vs. luminosity for 18 local Seyferts (from Nandra et al. 1997).
Simulated light curves based on the existence of a number of independent flaring regions 
(i.e. exponential shots) can reproduce the shape of the power spectrum only when the 
shots are allowed to vary in time-scale. Beyond this, models are difficult to constrain 
(Green et al. 1993).
Variability studies of local (z < 0.1) AGN indicate tha t more luminous sources vary 
with a lower amplitude. This may be explained if more luminous sources are physically 
larger in size, so th a t they are actually varying more slowly. Alternatively, they may 
contain more independently flaring regions and so have a genuinely lower amplitude. The 
slope of this correlation has been calculated in a number of papers using overlapping 
samples of local AGN. Lawrence & Papadakis (1993) and Green et al. (1993) analysed 
samples of light curves from the EXOSAT database. The variability amplitude was found 
to vary with luminosity as cr oc L l f  with ft «  0.3. The most comprehensive analysis of 
this relation was carried out by Nandra et al. (1997, hereafter N97) for 18 local Seyferts
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observed with the ASCA satellite. Figure 1.9 displays the clear anti-correlation found 
between X-ray variance and luminosity. The best fitting slope gives ¡3 =  0.355 ±  0.015. 
W hether this well-defined correlation applies to high redshift quasars is not so clear. 
Observations of distant quasars are generally of low signal-to-noise and measurements of 
variability in individual objects are poorly defined. Almaini et al. (2000) developed a 
technique to measure the amplitude of variability for low signal-to-noise sources and thus 
high-redshift AGN. By combining light curves from a number of AGN they were able to 
measure the amplitude of variability over ranges in luminosity and redshift. They studied 
a sample of 86 quasars from the Deep ROSAT Survey of Shanks et al. (1991) spanning 
a wide range in redshift (0.1 < 2 < 3.2). The behaviour of variability amplitude with 
luminosity was found to be in rough agreement with the anti-correlation seen in local 
AGN but showing a possible upturn for the most luminous sources. Tentative evidence 
suggested this was due to increased variability at high redshifts, although a definite trend 
in the redshift behaviour could not be clearly confirmed. Further studies into this area 
are the subject of the following chapter.
Chapter 2 
QSO X -ray  Variability
In this chapter I use the techniques of Almaini et al. (2000) to determine the amplitude of 
variability in an expanded sample of QSOs (quasi-stellar objects, or quasars) taken from 
the ROSAT archive. The primary aim is to identify trends in variability amplitude with 
luminosity and with redshift. In particular, QSOs at z  > 1 are preferentially selected 
in order to investigate the X-ray variability of high redshift QSOs. A cosmology with 
go =  0.5, Hq =  50 km s-1 Mpc-1 is used throughout.
2.1 The sample
The sample consists of 156 QSOs between 0.08 < z < 4.11 taken from the ROSAT PSPC 
archive. It is made up of QSOs taken from a number of sources th a t all adhere to the 
following selection criteria:
• ID: Radio quiet quasar
• X-ray exposure > 10,000 seconds
• Flux signal-to-noise > 5
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Figure 2.1: Redshift distribution o f the sample o f 156 radio quiet quasars.
• W ithin 20 arcmin of ROSAT pointing
• Optimal re-binning (see section 2.2) gives at least 3 time bins
The sample can be broken clown into 5 subsamples, individually selected to cover the 
luminosity and redshift parameter space. These are listed in table 2.1. Only PSPC data 
was used for reasons of consistency and ease of data reduction. The redshift distribution 
of the entire sample is displayed in figure 2.1.
2 .2  Data reduction
The data  were obtained from the LEDAS online database facility at Leicester (ledas- 
www.star.le.ac.uk). D ata reduction was performed with the ‘Asterix’ X-ray data process­
ing package (www.sr.bham.ac.uk/asterix). Each source was extracted using a circular 
mask of radius chosen to include 90% of the PSF. The data was then filtered to remove 
periods of high particle background characterised by the Master Veto Rate rising above
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170 counts s L Additional filtering restricted the energy range to 0.1 -  2.4 keV.
Careful background subtraction was extremely im portant to ensure measurement of 
source variability was not compromised. Background regions were chosen to be as close 
as possible to the source to minimise the effects of any background gradients. Areas of 
at least 5 arcmin radius were used. These were large enough to smear out background 
irregularities due to undetected sources. A number of further regions were selected and 
compared with the first to ensure tha t the chosen region did not contain any abnormalities. 
Finally, the background light curve was compared with the source light curve and a linear 
correlation coefficient computed. If a highly significant correlation (or anti-correlation) 
was found the data  was reduced again using a different background region.
Binning of the light curves was initially constrained by the orbit of the satellite. 
ROSAT’s low altitude (580km), and overheads led to a typical exposure of 1000-2000 
seconds per 96 minute orbit. The light curves were therefore binned on these periodic 
orbits. An algorithm was then used to bin up the data to allow meaningful Gaussian 
statistics. Re-binning of light curves can be approached in a number of ways, and impor­
tan t data  may be lost if the method used is over-simplified. The algorithm constructed 
uses the mean intensity of the source to identify bins tha t would nominally contain less 
than 15 photons. These bins are merged with the neighbouring bin tha t has been merged 
the least number of times. Where large gaps in the data are identified (> 5 hours), bins 
will be discarded rather than merged with data many orbits away. Light curves with less 
than 3 time bins were not used for the variability analysis.
In order to remain consistent, all measurements of X-ray luminosity are made through 
extraction of fluxes from the same datasets used for the variability analysis.
2.3 Measuring variab ility 27
2 .3  Measuring variability
The method used for measuring the amplitude of intrinsic variability is fully described in 
Almaini et al. (2000). To compare objects of different flux, the light curves are divided by 
the mean, so tha t measurements of fractional variability are made. A maximum likelihood 
technique is used to separate the intrinsic variations in the light curve from those due to 
noise. The likelihood for values of QSO variability amplitude (<j q )  is given by:
where x.-L are data  points with mean x  (1 in this case) and cr* are the measurement errors. 
The maximum likelihood estimate for oq is obtained from the peak of the distribution. 
The errors are measured by finding limits of equal likelihood th a t enclose 68% of the area 
under the likelihood curve.
The m ajority of the light curves analysed here are of low signal-to-noise which in many 
cases can only give us an upper limit on the amplitude of variability. In order to extract 
meaningful information from the sample it is necessary to combine the light curves into 
ensembles over given ranges of luminosity or redshift. To do this I assume that all the 
quasars in an ensemble have the same intrinsic variability. I can then exploit the fact that 
variance does not depend on the order of the measurements to effectively combine all the 
light curves into one ‘ensemble light curve’. The amplitude of intrinsic variability can 
then be measured as for a single object. This provides a more comprehensive, accurate 
and unbiased method of determining variability within an ensemble than simply taking 
an average of the individual maximum likelihood estimates. Of course, if the quasars 
in a given luminosity or redshift bin actually have a range of intrinsic variabilities, the 
estimate may be biased towards the most variable members.
A number of corrections must be made to the variability measurements before they can 
be compared in an unbiased way. The serendipitous nature of this sample means tha t light 
curve observations have a range of total integration times and sampling rates. QSO power 
spectra show ‘red noise’ indicating the observed amplitude of variability will increase with
N exp { - \ ( x i  -  x f  / (of + a 2Q)} 
(2 7 r)1/ 2 (cr? +  0 q ) 1/2
(2 .1)
2.4 The results 28
length of observation. I have therefore normalised variability amplitudes to a time-scale 
of 1 week, assuming the power spectrum slope seen in local AGN (a  =  1.5). This is also 
used to correct for time dilation effects. The frequency of variations from distant quasars 
will be decreased, lowering the measured amplitude of variability for observations of finite 
length.
A further correction is made for the effects of irregular binning. Low signal-to-noise 
light curves tend to have longer time bins for which high frequency variations are smeared 
out. Almaini et al. (2000) ran simulations for each QSO in their sample to model the 
effect of irregular binning on the measured amplitude of variability. For light curves of a 
given number of bins, a mean correction to the amplitude of variability is determined. I 
apply this mean correction to each of the QSOs sampled here.
2 .4  The results
The maximum likelihood estimates for the corrected intrinsic variability amplitudes of all 
156 quasars are displayed in figures 2.2 and 2.3. The size of the points in figures 2.2(a) 
and 2.3(a) indicate relative flux. This is done in order to distinguish objects of higher 
signal-to-noise. Nearly half the sample (69 QSOs) give a non-zero maximum likelihood 
estimate of variability amplitude. The remaining QSOs can only provide upper limits, 
mainly due to low signal-to-noise. Treating the entire sample as one ensemble, the cor­
rected mean ensemble variability is: a = 0.15 ±  0.01 (o  =  0.16 ±  0.01 uncorrected) on a 
time-scale of 1 week.
2.4.1 Correlations with redshift and luminosity
In figures 2.2 and 2.3 I display the variability amplitude as a function of luminosity and 
redshift respectively. The data are split into 6 luminosity bins each of ~  0.5 dex, and 11 
redshift bins each of 6z = 0.3. The ensemble variability amplitudes were calculated for
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Figure 2.2: (a) Maximum likelihood estimates for the variability amplitude as a function  
o f lum inosity for the 156 QSOs. The size o f the points indicate relative flux. In (b) I 
display the results in ensemble form (the vertical scale has been changed). Note, these are 
calculated from  the original light curves and are not averages o f the individual likelihood 
estimates (see section 2.3). The exclusion o f QSO 0015+1603 is explained in section 2.5.
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Figure 2.3: (a) Maximum likelihood estimates for the variability amplitude as a function  
o f redshift for the 156 QSOs. The size o f the points indicate relative flux. In (b) I display 
the results in ensemble form (the vertical scale has been changed). Note, these are 
calculated from  the original light curves and are not averages o f the individual likelihood 
estimates (see section 2.3). The exclusion o f QSO 0015+1603 is explained in section 2.5.
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each bin by combining the individual light curves and performing a maximum likelihood 
analysis as described in section 2.3.
Immediately apparent in figure 2.2(b) is an anti-correlation between quasar luminosity 
and variability amplitude. A power law fit to the individual quasars gives the best fit 
relation: a oc LJ* where /? =  0.18 ±  0.05 (plotted as a dot-dash line). This gives a fairly 
poor fit to the ensemble points, mainly due to some highly variable, high luminosity QSOs. 
However, a power law fit to QSOs with redshift less than 2 (solid line, /3 =  0.27 ±  0.05) 
passes through the majority of the ensemble points and is very close to the average relation 
found for local AGN (plotted as a dashed line). The errors quoted here are 68% confidence 
limits for the slope on allowing the normalisation to float to its optimum value.
For the redshift dependence (figure 2.3b), it is reasonable to expect a certain amount of 
degeneracy with luminosity. This effect appears to dominate at low and medium redshif'ts. 
At redshifts beyond ~  2, an upturn in variability is observed which cannot be explained 
as a consequence of the known trend with luminosity.
In order to decouple the effects of luminosity and redshift, the variability amplitude 
was plotted as a function of luminosity for 3 redshift intervals (figure 2.4). The luminosity 
bins for each redshift interval overlap, providing a measure of the change in variability 
amplitude as a function of redshift. Comparing the first 2 redshift intervals I find no 
significant difference in the a — L x  relation. The anti-correlation between variability 
and luminosity appears to be unchanged out to a redshift of 2. To compare this with the 
relationship for local AGN, the power-law slope found by N97 is plotted on figure 2.4. This 
has been normalised to fit the points in the first redshift interval.1 The reduced x 2 values 
given in table 2.2 compare the points in each redshift range with the normalised local 
AGN relation. Low values for the first 2 intervals display the observed close agreement
1It would be incorrect to  use the normalisation of N97, mainly due to the different observation lengths 
used (typically less than  one day) and the different spectral range used to  calculate luminosities. Crude 
corrections based on a s tandard  power spectrum and X-ray spectral index give variability amplitudes 
around a factor of 2 lower for the N97 AGN. Given the uncertainties in these corrections and the differing 
methods of calculating variability amplitudes, this is not thought to be significant.
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log Lx (0.1 - 2.4 keV)
Figure 2.4: Variability amplitude as a function o f luminosity over 3 redshift ranges. The 
line plotted is the best f it  relation to  local (z < 0.1) AGN found by Nandra et at. (1997).
Q SO  sam ple Xredfit to  local A G N P ro b a b il i ty
2 < 1 0.1 87%
1 < 2 < 2 1.7 17%
2 > 2 12.9 0.00001%
2 > 2 (excl. 0015+1603) 2.0 14%
Table 2.2: Showing agreement between redshift ensembles from figure 2.4, and the best 
f i t  relation to  local AGN found by Nandra et al. (a oc Zf^0'355).
with local AGN. The high value of reduced y 2 f’or z > 2 can be mostly attributed to 
the object 0015+1603. However, once this object is removed, the hypothesis tha t these 
quasars follow the local a -  Lx  relation can still be rejected at the 85% confidence level. 
Considering th a t all 3 points also show an ‘excess’ variability indicates tha t high redshift 
QSOs may not be well characterised by the variability-luminosity correlation of local 
AGN.
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0 1 2  3 4
Redshift
Figure 2.5: Variability amplitude as a function o f redshift after removing the luminosity 
dependence (normalising to  L x  = 1045). In (a) I use the best-fit power law to  QSOs o f 
2 <  2 o f L ^ 0'27. In (b) the relation for local AGN from Nandra et al. (1997) o f L ~0-355 
is used.
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The upturn in variability seen for the highest redshift quasars in our sample can be 
quantified by fitting the N97 slope to the ensemble points in the redshift interval z > 2. 
This can then be compared to the fit for the z < 1 redshift interval. I find at a fixed 
luminosity, high-z QSOs are more variable than low-z QSOs by an amount 5a =  0.11. An 
alternative interpretation is that at a fixed variability, high-z QSOs are more luminous 
by a factor of 16. If I exclude the variable quasar 0015+1603 (see section 6), the best fit 
requires 5a =  0.06 or an increase in luminosity by a factor of 6.
2.4.2 Characterising the redshift dependence
In order to illustrate the redshift dependence of QSO X-ray variability, I attem pted to 
remove the effect of the luminosity dependence by normalising values to a luminosity of 
L x  = 1045 ergs s-1 . Due to the close agreement between the first 2 redshift intervals 
observed in figure 2.4, this was first done using the best fit power-law to QSOs with z < 2 
(■a oc Lx°'27). The results are plotted in figure 2.5. The low redshift ensembles (below 
z ~  2) in figure 2.5(a) still appear to display a downward trend. A minimum is observed at 
a redshift of ~  1.7 where the level of variability becomes consistent with zero. In contrast, 
the high redshift ensembles (z > 2) display an increase in variability. In figure 2.5(b) I use 
the luminosity relation found for local AGN (N97) to normalise variability amplitudes. 
Here the redshift ensembles for QSOs of z < 1 are noticeably flatter. Evidence for the 
minimum observed in figure 2.5(a) has become less significant. However, beyond z ~  2, 
the increase in variability is more pronounced.
2 .5  Properties of high-z variable QSOs
The apparent increase in variability seen in high redshift QSOs may be due to the inclusion 
of a new population of objects rather than differences in the ‘typical’ population. Narrow- 
line Seyf'ert Is are known to exhibit enhanced variability (Boiler et al. 1996, Leighly 1999)
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1118+1354 (z=1.94, log Lx=45.55) [HBG98] 031 (z= 1.956, log Lx=45.74)
Tim e (seconds)
0438-1638 (z=l .96, log Lx=45.49) MS 0104.2+3153 (z=2.027, log Lx=46.01)
SGP3X:021 (z=2.097, log Lx=45.30) 0015+1603 (z=2.20, log Lx=46.51)
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F864X:013 (z=2.2l, log Lx=45.27) F864X:086 (z=2.347, log Lx=45.51)




0 5.0* 104 1.0-105 1.5-105 2.0* 105 2.5-105
T im e (seconds)
0315-5522 (z=2.531, log Lx=45.81) Q0000-26 (z=4.111, log Lx=46.08)
Tim e (seconds) Tim e (seconds)
Figure 2.6: Binned soft X-ray light curves o f high-redshift variable quasars from the 
ROSAT PSPC sample (continued).
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and could be responsible for this upturn if their high-z equivalents were more prevalent 
than they are today. In order to test this hypothesis, the identifications for the 12 QSOs 
that exhibit detected variability at redshifts greater than 1.9 (i.e. the last 5 redshift 
intervals in figures 2.3(b) & 2.5), were studied in more detail (figure 2.6 and table 2.3). 
All the QSOs with adequate optical spectra were found to contain broad perm itted lines 
(> 3000 krns-1 FWHM). In one object, 0015+1603, the optical grism spectrum was not 
of sufficient quality to determine linewidths. This object also displays a steep X-ray 
spectrum, so is a (potential) NLS1 candidate. 0015+1603 was the highest luminosity 
object in the sample with a high significance detection of variability. To determine the 
effect of .this steep-spectrum QSO on the characteristics of the sample, the variability 
analysis was repeated with the object removed. The affected bins are plotted as unfilled 
points in figures 2.2 - 2.5. Removing this highly variable object decreases the significance 
of the upturn in variability for the high-z sample, but does not affect the direction of the 
trend.
2 .6  Implications for quasar models
2.6.1 The cr — Lx anti-correlation
The relation between X-ray variability and luminosity, reliably identified for local AGN, is 
here seen to continue to redshifts of ~  2. However, there is still no definitive explanation 
for the anti-correlation. In particular, it is unclear whether variability is intrinsically 
linked with luminosity, or whether the link is to a third parameter th a t happens to scale 
with luminosity. If the upturn in variability observed at high redshifts is real, then an 
extra param eter must exist.
A change in measured variability amplitude can occur when the power spectrum of a 
quasar light curve is shifted in either amplitude or time-scale. At present these cannot be 
distinguished as features in the power spectrum (such as a turn-over of the power law at
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low frequency) have only been identified for the most well studied AGN (e.g. Edelson & 
Nandra 1999, Pounds et al. 2001). This leaves us with a variety of possible explanations 
for the o -  L x  relation, for example:
• A flaring accretion disc may cause the observed correlation in two ways. The lumi­
nosity may be related to i) the number of flares present on the disc (assumed to be 
all identical), or ii) the size of the individual flares. In the first case, an increase in 
the number of overlapping flares would act to ‘smear out’ the observed variability 
leading to an amplitude shift in the quasar power spectrum. The second case could 
lead to a time-scale effect if flares of longer duration are responsible for the increased 
luminosity.
•  X-ray variability time-scale may directly scale with black hole mass if, for example, 
the emission occurs at a fixed number of Schwarzschild radii.
•  Regardless of black hole mass, variability may depend on X-ray source size, which 
could in turn  depend on luminosity.
Recent studies by P tak  et al. (1998) show that most low-luminosity AGN (LLAGN) 
display very little X-ray variability, in marked contrast to the relation found by N97. 
However, these objects are expected to harbour relatively massive black holes with low 
accretion rates. Iwasawa et al. (2000) studied the variability of a dwarf Seyfert (NGC 
4395) which is thought to contain a small black hole (~  105 M©). They find a large 
variability amplitude consistent with an extrapolation of the power-law fit to the o — L x  
relation for the sample of N97. This would suggest that X-ray variability correlates with 
black hole mass, rather than directly with luminosity.
2.6.2 Explaining the high-redshift upturn
Given the possible reasons for the o — Lx  anti-correlation, I can now identify potential 
causes for a high-redshift upturn in variability. It is tempting to think this may be
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simply due to a smaller typical black hole mass at these early epochs. In practice, this 
scenario does not work. Smaller black holes may lead to increased variability, but they 
should also lead to lower luminosities. These QSOs would then just fit an extrapolation 
of the measured o — L x  relation. Therefore, we may be seeing an intrinsic change in the 
behaviour of these objects. For the same variability seen in local AGN, these high redshift 
quasars appear almost an order of magnitude more luminous. The root of this shift in 
behaviour could be a change in the following parameters:
i) Intrinsic change in lum inosity (i.e. accretion efficiency)
It seems reasonable to assume the amplitude of variability is linked with a global property 
of the QSO, such as black hole mass. The luminosity of the quasar must in some way 
be related to the rate of fuelling (M). Seeing a different o — L x  relation at high redshift 
then suggests th a t for a given black hole mass, the high-z quasars must have a greater 
rate of fuelling, in other words, they are accreting at a higher fraction of the Eddington 
limit. Is it then feasible tha t z > 2 QSOs are accreting more efficiently than local AGN 
by almost an order of magnitude?
The Eddington ratio for local AGN has been relatively well constrained. Wandel et
ol. (1999), use reverberation methods to accurately define the Eddington ratio for local 
Seyferts. They find L / L Edd ~  0.01 — 0.3, though there is a strong trend of the Eddington 
ratio to increase with luminosity. The necessary increase in accretion efficiency to allow 
a typical high redshift QSO to be almost an order of magnitude more luminous, would 
imply these objects were accreting very close to the Eddington limit.
If this increase in accretion efficiency is real, the cause must lie with the environmental 
conditions at these redshifts. It is plausible that early QSOs enjoyed a more fuel-rich 
environment. This may lead to a scenario where local AGN and quasars at redshift > 
2 are similar in nature. However, the high-z QSOs are, on average, accreting close to 
maximum efficiency, whilst low-z AGN have become starved of fuel and typically only
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reach 10% of the Eddington limit,
ii) Intrinsic change in variability
The upturn may also be characterised as an increase in variability for QSOs of the same 
luminosity. Possible scenarios include:
1. The X-ray em itting region is physically smaller in size, but of greater intensity, 
for high-z QSOs. This could occur if the emission region was located at a smaller 
number of Schwarzschild radii.
2. In the flaring accretion disc model, there may be a smaller number of more lumi­
nous flares for high-z QSOs. Enhanced magnetic fields could conceivably provide a 
mechanism to achieve this.
3. It is possible tha t some short time-scale variability is caused by temporary obscura­
tion of the X-ray source. This could be due to broad-line clouds moving across the 
line of site, or perhaps rotations of a warped accretion disc. It is feasible that high-z 
QSOs may contain more of this obscuring material, leading to enhanced variability 
over these time-scales.
¡¡i) Spectral sampling
The ROSAT band of 0.1 - 2.4 keV used for the variability analysis, will sample higher rest 
frame energies as redshift increases. For a QSO at a redshift of 2.5, variability will actually 
be measured in the rest frame band of 0.35 - 8.4 keV. The increased variability observed 
at high redshift could therefore be due to intrinsic spectral variability. This would require 
QSOs to be more variable at harder energies indicating a different source for these X-rays. 
However, N97, showed there was a strong correlation between hard band (2-10keV) and 
soft band (0.5-2 keV) variability in local AGN. Where the correlation breaks down they 
find greater variability in the soft band.
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¡v) Emergence o f a new population
An increase in mean AGN variability would be observed if a subset of highly variable 
AGN (such as Narrow-line Seyfert Is) were more prevalent at high redshift. Based on 
the optical spectra however, I find no evidence tha t this is due to the emergence of a 
‘narrow-line’ population (see section 2.5).
Given the low signal-to-noise of this data it is difficult to constrain these models beyond 
the general descriptions given here. A full power spectrum analysis is required to fully 
characterise and confirm this trend. This may be possible with long observations using 
XMM-Newton, XEUS or Constellation-X.
2 .7  Conclusions
I have measured the amplitude of short-term X-ray variability of 156 radio quiet quasars 
taken from the ROSAT PSPC archive over a redshift range of 0.08 - 4.11. In order to 
identify trends with luminosity and redshift I have combined light curves into ensembles. 
For QSOs out to redshift ~  2 I find the amplitude of variability decreases with luminosity 
as a  oc L x (0.1 — 2AkeV)~13 with ¡3 = 0.27 ±  0.05. This is comparable to the relation 
found for local AGN. The behaviour of QSO variability amplitude with redshift is ap­
proximately flat out to z ~  2, although there is some suggestion of a minimum at z  ~  1.7. 
Beyond redshift ~  2 there is some evidence for an increase in QSO X-ray variability. 
The hypothesis th a t these quasars observe the local o -  Lx  relation found by Nandra et 
al. (1997), is marginally rejected. I explore the possible reasons for this upturn. If the 
amplitude of X-ray variability is linked to black hole mass, this would imply nearly an 
order of magnitude increase in accretion efficiency for typical high-redshift QSOs.
Chapter 3
Obscured AGN & the Extragalactic  
Background
A number of models (e.g. Comastri et al. 1995) have been able to accurately fit the X-ray 
background using the integrated spectral emission from an obscured population of AGN. 
The presence of this hidden population will have implications for other wavebands. We 
can put constraints on these models by predicting where emission from obscured AGN 
should be observed, their contribution to the background light, and number-flux relations 
for different wavebands.
Here I attem pt to quantify the contribution of this obscured population to the entire 
cosmic background from submillimetre to UV wavelengths. For this to be done, a number 
of assumptions are made on the nature of AGN emission and their evolution with redshift. 
A standard mean spectral energy distribution (SED, Elvis et al. 1994) is used as the 
baseline for a typical ‘unobscurecl’ radio quiet quasar. The emission from an obscured 
quasar of a certain column density is then synthesised, firstly by assuming a standard 
gas-to-dust ratio, and secondly, by invoking a possible extinction curve to redden the 
SED. I assume that re-emission of the absorbed radiation need not be considered. This is 
consistent with unified schemes for AGN (Antonucci 1993), where to first order, emission
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from the absorbing torus is present in the ‘unobscured’ quasar SED. This would not be 
the case if obscured objects actually contain more absorbing material, a possibility which 
is not explored further here.
Number counts for unobscured objects are obtained from a model of the QSO X- 
ray luminosity function (XLF) from Boyle et al. (1994). Ratios of obscured objects are 
then taken from Comastri et al. (1995), who base their background synthesis model on 
the ‘Boyle luminosity function’. I have assumed that the degree of obscuration is not 
dependent on luminosity.
3.1  QSO luminosity function.
The luminosity function gives the space density of QSOs as a function of their luminos­
ity. Its evolution with redshift is indicative of how QSOs themselves evolve with time. 
Determination of this evolution has been hampered by the fact that the QSO luminosity 
function is very close to a power law. A movement of this power law with redshift cannot 
distinguish between pure density and pure luminosity evolution.
Boyle et al. (1994) identified a feature in the luminosity function of X-ray selected 
broad line QSOs th a t allows its evolution with redshift to be traced. The sample of quasars 
used excludes narrow line objects and shows no evidence for photoelectric absorption in 
the X-ray spectra (Almaini et al. 1996). I can therefore use this luminosity function to 
represent the population of ‘unobscured’ AGN. Its form is parameterised into two power 
laws intersecting at a ‘break luminosity’:
' -S>:y T4"471 L x  < L*x {z =  0)
$x{Lx)  =  < (3-1)
- 4 ^ 4 - ?
44
where 71 and 72 represent the low and high luminosity slopes of the XLF respectively and 
L44 is the 0.3 -  3.5 keV luminosity expressed in units of 1044 erg s_1. The evolution with
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redshift was best fitted with a ‘pure luminosity evolution’ model tha t becomes stationary 
at a maximum redshift zmax:
L*x (0)(l + z )k z < zmax 
L*xiz ) =  < (3.2)
-Q v ( z m a x )  Z  ^  ¿ m a x
The parameters used were zmax = 1.79, k = 3.34, =  1.53, y2 =  3.38, L*x  -  1043'70,
and <h*Y =  0.63 x 10-6 Mpc-3 for a cosmology with q0 = 0.0 and H 0 =  50 km s_ 1Mpc_1 
(Model S, Boyle et al. 1994).
The best fit of a pure luminosity evolution model would indicate tha t either: a) Quasars 
are long lived phenomena and have been dimming systematically since the ‘quasar epoch’ 
at redshift ~ 2, or b) Short lived quasars are being produced at the same rate but with 
progressively lower luminosities.
Hypothesis a) predicts tha t only a fraction of galaxies would contain extremely massive 
black holes. This seems to be refuted by observational evidence for the existence of massive 
black holes in almost every local galaxy (Magorrian et al. 1998).
Hypothesis b) appears counter intuitive as some density evolution would be expected. 
If AGN are sparked by mergers as has been theorised (e.g. Carlberg 1990), the number of 
these phenomena should decrease as mergers become less common. However, the details 
of AGN ignition are little understood and cannot easily be used as a constraint.
The ‘Boyle luminosity function’ has been used as a major factor in the background 
calculations presented here.
3 .2  Synthesis of the hard X-ray background
Comastri et al. (1995) used this XLF in a model to fit the hard X-ray background using 
contributions from a large obscured AGN population. In this model the intrinsic X-ray
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spectrum of the obscured objects was assumed to be the same as for the unobscured ones, 
modified by the effects of an absorbing column of density Nh (atoms cm-2). Contributions 
from obscured objects were divided into four decade wide bins in Nh ranging from 1021 to 
102,). For the best fit model, the number density in each bin, normalised to the number 
of unobscured AGN was 0.35, 1.10, 2.30, & 1.65 respectively.
W ithin this model, AGN contribute 100% of the hard X-ray background from 5 - 100 
keV. The contribution in the 1 -2  keV band is 74%. This is consistent with a contribution 
from galaxy clusters of 5% (Piccinotti et al. 1982) and a significant contribution from 
starburst galaxies in this band.
A major assumption of this model is that the luminosity function of Boyle et al. does 
not change with the degree of obscuration. This predicts the existence of highly absorbed, 
high luminosity objects, very few of which have been detected (e.g. Almaini et al. 1995, 
Boyle et al. 1998, Stern et al. 2002). In the absence of any model for the luminosity 
dependence of obscuration I have continued to apply this assumption in these calculations.
The contribution of obscured sources found by Comastri et al. is extrapolated to 
longer wavelengths by simulating their combined spectral energy distributions from the 
submillimetre through to the extreme ultra-violet.
3 .3  A ‘standard’ quasar SED
AGN often display widely varying spectral energy distributions. There appears to be a 
distinct difference between the output of radio quiet and radio loud AGN particularly 
in the X-ray, and longward of the mm break (Elvis et al. 1994). Given tha t radio loud 
objects only contribute a few percent to the X-ray background at 2 keV (Della Ceca et 
al. 1994), I will only consider radio quiet objects. Other variations in the SEDs may 
be due to dust and gas extinction, a spectral luminosity dependence, or just a random 
dispersion about the mean value indicating varying contributions from different features
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log v (Hz)
Figure 3.1: Mean spectral energy distributions constructed from a number o f sample 
quasar populations.
of the active nucleus.
For the purposes of these calculations, I require a mean SED for ‘unobscured’ radio 
quiet quasars. Elvis et al. (1994) used a sample of 29 radio quiet, UV excess selected 
quasars to construct a mean SED. This is compared (figure 3.1) with those of Rowan- 
Robinson (1995), and Sanders et al. (1989), who used a similar sample. For all of these, 
quasars of relatively high luminosity are used, and a fairly sharp cut-off is seen in the far- 
infrared. Contrasting this with the far-infrared to X-ray ratio from Green et al. (1992), 
and the SED of D. H. Hughes (private communication), obtained from relatively low 
luminosity AGN, it appears there may be a luminosity dependence at these wavelengths. 
The SED from Elvis et al. (1994) is used for the basic model. However, I include an 
‘alternative SED’ model to demonstrate these discrepancies in the far-infrared.
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3 .4  Reddening the SED
For an obscured quasar, the standard SED will be heavily reddened at ultra-violet through 
to infrared wavelengths. In order to model this, I must estimate the dust extinction from 
the given X-ray absorbing column densities. For this I require a mean gas-to-dust ratio 
and an extinction curve applicable to absorption around AGN.
3.4.1 The gas-to-dust ratio
An analysis of the N n/A y ratios of IC 5063 (Simpson et al. 1994) and Cygnus A (Simpson 
1994) give values tha t are consistent with the standard Galactic value of 1.9 x 1025 m -2 
mag“ 1 (Bohlin et al. 1978). Work by Simpson (1998) and Alonso-Herrero et al. (2001) 
however, has suggested the N h/A v ratio can vary from the nominal Galactic value to an 
order of magnitude higher. The Nh values are determined from X-ray spectra, while Ay 
is measured from the broad-band spectrum of the unresolved IR nuclei. Unresolved IR 
sources have been clearly seen even in Compton-thick objects like NGC 1068, indicating 
very high N h/A v ratios. The need for large X-ray fluxes to obtain good Nh values has 
meant th a t only Seyferts have been used and sample sizes are small. Data is not yet 
available to determine whether the ratio is luminosity dependant.
Granato et al. (1997) suggest the gas and dust regions within the nucleus are physically 
distinct. They show that X-ray column density can be related to the ratio L / L Edd implying 
the absorbing gas is located inside the dust sublimation radius and directly feeding the 
black hole. This scenario would not conflict with the use of a ‘standard’ ratio so long 
as a mean value can still represent the distribution. They do however suggest that the 
ratio may increase with increasing NH, up to around an order of magnitude as NH reaches 
values of 1024 cm 2.
For these calculations I have used the standard Galactic ratio for the baseline model. I 
have also considered a model for which the ratio is an order of magnitude higher. Were the
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ratio to have an Nh dependence the result would fall somewhere between these models.
3.4.2 Extinction curves for AGN
log v (Hz)
Figure 3.2: Assumed AGN extinction curve, constructed from observed extinction in the 
Small Magellanic Cloud ( v > 9 x  1014 Hz) and in the M ilky Way ( ¡ / < 9 x  1014 Hz).
The extinction properties of dust in AGN have not been well constrained. The extreme 
conditions within an active nucleus make it unlikely tha t a standard galactic curve will 
be viable, as demonstrated by the lack of an absorption feature at 2200A in most quasar 
spectra. The fact tha t the opacity of the interstellar medium becomes very high below 
the Lyman limit of 912A means there is little data to determine an extinction curve at 
these wavelengths. For these reasons I am required to construct a reasonable extinction 
curve from available data in a manner similar to that of Tripp et al. (1994). I take the 
standard Milky Way extinction curve from Cardelli, Clayton, and Mathis (1989) down to 
a wavelength of ~  3400A. Below this wavelength I use a mean extinction curve from the 
Small Magellanic Cloud (SMC) given by Gordon & Clayton (1998). (Extinction in the
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SMC does not display a bump at 2200A.) I then arbitrarily level off the extinction curve 
below ~  700A. There is some evidence that extinction may decrease again below these 
wavelengths (Laor & Draine 1993). However this will have little effect on the model, and 
the SED is, in any case, very uncertain in this region.
3 .5  X-ray and IR number count predictions
log Sx(0.3 - 3.5 keV) (ergs s'1 cm’2)
Figure 3.3: Quasar number count predictions for X-ray surveys.
Before modelling predictions for the entire background, number count predictions in 
the X-ray and IR were made by way of a log N - log S plot. The X-ray luminosity function 
from Boyle et al. (1994) was used to obtain number counts for AGN in the band 0.3 - 
3.5 keV (see appendix A). The survey used for construction of the luminosity function 
contained very few quasars beyond z =  3. Optical surveys suggest an exponential decline 
in quasar space density beyond z =  2.7 (Schmidt et al. 1995). However, recent evidence
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z
Figure 3.4: Predictions for the redshift d istribution o f quasars at the soft band flux lim it 
o f the Chandra ELAIS deep survey.
from deep X-ray surveys (Hasinger 1998) suggest the space density may stay constant out 
to z ~  5. Further discussion can be found in Almaini et d. (1999). The models illustrated 
(figure 3.3) display the case for a quasar population that decreases exponentially beyond 
a redshift of 2.7 (lower line) and one that stays constant out to a redshift of 5. Surveys 
with Chandra (as displayed) may be deep enough to distinguish between these models. 
Predictions for the redshift distribution of quasars down to the expected flux limit of 
the Chandra ELAIS deep survey are displayed in figure 3.4. There is a large difference 
between the models at redshifts of ~  4 - 5. Once redshifts have been identified for quasars 
in this survey, it should be possible to clearly distinguish between the two models.
The X-ray counts were converted to number count predictions in the infrared at a 
wavelength of 15/im (see appendix B). In order to do this I have made use of the X- 
ray to IR flux ratio for radio quiet quasars given by Green et d. (1992). As displayed 
in figure 3.1, this ratio agrees very well with the SED of Elvis et d .  (1994) at 12/rm,
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Figure 3.5: AGN number count predictions for the ELAIS 15^m survey.
but diverges at longer wavelengths. The ELAIS and IRAS mid-infrared extragalactic 
source counts (Serjeant et al. 2000) are displayed on the plot (figure 3.5) for comparison. 
The unobscured population should only contribute a few percent of the counts found by 
ELAIS. Taking into account the obscured population, this figure rises to 20 - 25%. These 
sources will thus have an X-ray counterpart observable with Chandra in the upcoming 
deep surveys.
3 .6  Submillimetre to X-ray background
The contribution to the background at a particular wavelength is found by integrating over 
the flux from all sources. The equations used can be found in appendix C. Figure 3.6 dis­
plays the predicted background for four separate models explained below. Measurements 
of the observed submillimetre to optical background are taken from Hauser et al. (1998)
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Figure 3.6: Contribution o f AGN to the extragalactic background.
and references therein. Measurements in the ROSAT (0.5-2keV) band are from Hasinger
(1992). A solid line displays measurements of the hard X-ray background (Gruber 1992) 
as fitted with contributions from obscured AGN by Comastri et al. (1995).
The break in the model predictions between the UV and the soft X-ray is a consequence 
of the lack of data on quasar SEDs at these wavelengths. Virtually all emission beyond 
the Lyman edge is absorbed in the interstellar medium of our own galaxy and in the 
quasar host.
The four models were constructed as follows:
i) Observed AGN
This is the background contribution from broad-line AGN only, as included in the 
luminosity function of Boyle et al. (1994). The unmodified SED of Elvis et al. (1994, as 
displayed in figure 3.1) is used to derive flux ratios.
I  I KEY
I  J  { Measured limits
  Estimated background
—  — Fit to b /g  (Fixsen et al. 1998)
Modelled AGN contribution:
------------- Observed AGN
— — — -  Isotropically emitting torus
-------------  Inclined torus
-------------  Alternative SED
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ii) Isotropically em itting  torus model
Phis model includes contributions from obscured AGN with a range of absorbing 
columns as derived by Comastri et al. (1995) to fit the hard X-ray background. In order 
lor these to be included, the SED used needed modification. A standard gas-to-dust ratio 
was used to convert the X-ray column densities to values of visual extinction, Ay. These 
in turn  were converted to extinction values over the entire IR to UV range by means of an 
heuristic extinction curve displayed in figure 3.2. This was used to redden the standard 
SED, assumed to contain an intrinsic X-ray column of NH =  1020 and corresponding dust 
extinction.
For this model the SED was not reddened beyond the mid-infrared. The extinction 
curve becomes very uncertain at these wavelengths and little, if any, reddening is thought 
likely to occur. The cut-off was chosen at a possible torus component of the SED, as 
modelled by Pier & Krolik (1993) for NGC 1068. The torus component has been chosen 
to remain constant, independent of absorbing column density and thus perhaps, viewing 
angle (i.e. an isotropically emitting torus).
The reddened SEDs for each column density were added to the standard ‘unobscured’ 
SED in the correct ratios, in order to obtain the combined spectral energy distribution 
for all AGN. This was then used to calculate the background.
The background calculations were repeated using a gas-to-dust ratio an order of mag­
nitude larger. This is displayed as the higher of the two dashed lines at UV to IR wave­
lengths.
iii) Inclined torus model
This model differs from the previous one in tha t emission from the torus component is 
assumed to be dependent on viewing angle. Pier k, Krolik (1992) calculated the infrared 
spectral properties of a model AGN torus. They found tha t face-on tori are ~  an order of
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magnitude brighter than edge on tori, due to the direct line of sight to the hot inner edge 
of the torus. Assuming that the density of the absorbing column is proportional to the 
viewing angle, heavily absorbed objects would thus be expected to emit relatively little 
in the infrared.
For this model I have approximated to a torus geometry, as used by Pier & Krolik
(1993) to fit the spectral emission from NGC 1068, in order to calculate the dependence 
of viewing angle on column density. This can only be a rough approximation. If the 
geometry actually remained constant from AGN to AGN, we would be able to infer the 
distribution of column densities from a random distribution of viewing angles. (Note, it is 
possible tha t a mean torus geometry could be inferred from the distribution of absorbing 
columns modelled by Comastri et a l) .
For the unobscured SED I have assumed that the face-on torus spectrum of Pier & 
Krolik contributes 100% of the emission at 10/im. For the SEDs of the obscured objects 
I have used the tori spectra relevant for the derived viewing angle. The combined SED is 
therefore somewhat lower than that used for the isotropic torus model described above. 
The background derived from this is thus lower by a similar amount.
iv) A lternative SED
The motivation for this model stems from the fact that quasar SEDs are very un­
certain at far-infrared and submillimetre wavelengths. As discussed in section 3.3, the 
discrepancy in SEDs for different samples of AGN indicate there may be a strong lumi­
nosity dependence. The Elvis et al. (1994) sample consisted of relatively high luminosity 
quasars for which far-infrared data was scarce. This model uses an SED derived from 
a much larger sample of far-infrared data, and may be more representative of the total 
population at these wavelengths.
The model uses the X-ray to IR flux ratio for radio quiet quasars from Green et 
al. (1992). The flux conversion factors are as used for the IR number count predictions
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(appendix B). The X-ray to IR ratio is combined with the 12 - 60/im  slope from the 
same paper and a determination of the far-infrared/submillimetre SED from D. H. Hughes 
(private communication). This SED is assumed to remain unaltered for obscured quasars, 
and thus a simple conversion factor of 5.4:1 (Comastri et al. 1995) is used to obtain the 
total emission from AGN.
3 .7  Discussion
These models may still not contain the total contribution of AGN to the cosmic back­
ground radiation. Many recent papers (e.g. Maiolino et al. 1998) have drawn attention to 
the existence of a large number of AGN with X-ray absorbing columns N h > 1024'5cm~2. 
At these densities the gas will become optically thick to Compton scattering and virtually 
no X-ray emission will get through. AGN obscured by ‘Compton thick’ clouds would thus 
not contribute at all to the X-ray background and would not appear in these models. 
Given the ratios found by Maiolino et al., the predicted backgrounds could increase by 
~  50%.
A number of papers (Archibald et al. 2001b, Silk & Rees 1998, Fabian 1999) have 
suggested the existence of a large population of highly obscured AGN in the centres of 
newly forming galaxies at high redshift. These are inspired by the correlation found 
between black hole mass (M Bh) and galaxy bulge mass (e.g. Magorrian et al. 1998), 
now better defined as a correlation between Mbh and bulge velocity dispersion (Ferrarese 
& M erritt 2000, Gebhardt et al. 2000). These newly forming objects would likely be 
Compton thick from all viewing angles and would not fit in to the unified scheme. Emission 
from these obscured AGN would also contribute little to the X-ray background and are 
outside the scope of these models. Their contribution to the extragalactic background at 
IR /  submillimetre wavelengths however may be significant.
A major discrepancy in the models presented is the nature of the background con­
tribution beyond far-infrared wavelengths. This can be attributed to the uncertainty of
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the SED in this region. Measurements in the far-infrared and submillimetre are only now 
beginning to be made with reasonable resolution and there is insufficient data to make 
large statistical samples. The data that is available has hinted at the existence of a lumi­
nosity dependence (see section 3.3). This may be due to a host galaxy contribution that 
becomes dominant at low luminosities, or perhaps a nuclear starburst surrounding the 
AGN (Fabian et al. 1998). W ithin samples of radio-loud galaxies there certainly appears 
to be a luminosity dependence in the relative numbers of broad-line to narrow-line AGN 
(Lawrence 1991). At the lowest luminosities, most radio-loud AGN are narrow-lined, 
while at the highest luminosities, only ~  half. This indicates that the luminosity function 
for obscured objects may be completely different to the one used for this model. These 
observations, however, only apply to radio loud objects and it is unclear how this may 
relate to the much larger population of radio-quiet AGN.
McMahon et al. (1999) presented the first submillimetre observations of very high 
redshif't (z > 4) quasars. These represent rest wavelength emission in the far-infrared at 
~  150gm. They find very high ratios for far-infrared to ultra-violet luminosity compared 
to the SED for radio quiet quasars of Elvis et al. (1994). This could indicate the presence 
of a large starburst component in these early galaxies, possibly advocating the need for a 
redshift dependence of the SED. This is further supported by Archibald et al. (2001a), who 
find the typical submillimetre luminosity of powerful radio galaxies is a strongly increasing 
function of redshift. Page et al. (2001) find a similar relation for X-ray selected radio­
quiet quasars. In the near future, observations with SIRTF should be able to properly 
characterise the IR /  far-IR properties of radio-quiet quasar SEDs as a function of both 
luminosity and redshift.
Due to the above factors, the background predictions presented here are at present only 
a lower limit. Still, it can be concluded that models to reproduce the X-ray background 
with integrated AGN emission are not constrained by the observed background at other 
wavelengths.
Note: Since this analysis was first performed more accurate measurements of the AGN
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X-ray luminosity function have been made (e.g. Miyaji et al. 2000). However, little would 
be gained by a repeat of this modelling without further improvements to a number of the 
assumptions used. In particular, a luminosity dependence of the SED would have a large 
effect.
Chapter 4
X -ray  Imaging
4 .1  The beginnings of X-ray imaging
X-rays were discovered accidentally on the 8th of November 1895 when Wilhelm Conrad 
Roentgen noticed his cathode ray generator was causing a screen across the room to glow. 
Roentgen tested the properties of these new ‘rays’ by holding up materials in front of the 
screen and found the bones of his hand were clearly silhouetted in a faint outline of flesh.
It was many years before the true nature of X-rays as electromagnetic waves was 
uncovered. First, tha t they were diffracted when passing through a crystal (von Laue 
1912), and then, tha t they can be reflected from a polished surface (Compton 1923), 
albeit at glancing angles. This requirement for ‘grazing incidence’ provided a major 
obstacle in developing an X-ray imaging system. Standard optical telescope designs can 
not be employed as X-rays are either absorbed or pass straight through any material they 
impinge at normal incidence. It was further shown (Jentzsch 1929) tha t any single mirror 
grazing incidence system will suffer from severe astigmatism.
A practical solution was first devised by Kirkpatrick and Baez in 1948. The problem 
of astigmatism was overcome with the use of 2 orthogonally crossed cylindrical mirrors,
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each providing ID focusing. This led to the production of the first 2D X-ray image. In 
the same year, an experiment carried by a V2 rocket discovered the Sun to be a bright 
source of X-rays (Burnight 1949). This marked the beginning of X-ray astronomy, though 
the use of grazing incidence optics was still some way off.
In 1951, Wolter greatly improved on the design of Kirkpatrick and Baez. While 
working on the design for an X-ray microscope, he showed that a true image over an 
extended field of view can be formed by glancing reflections off a paraboloid/hyperboloid 
or paraboloid/ellipsoid combination of coaxial and confocal mirrors. The Wolter design 
is now the most widely used in X-ray telescopes, although it was almost a decade before 
Giacconi & Rossi first suggested the use of grazing incidence optics for this purpose.
In the 1960s X-ray astronomy finally took off. The first X-ray image of the Sun was 
taken with the use of a pinhole camera (Chubb et al. 1961). In 1962 an experiment 
by Giacconi et al. carrying a Geiger counter on a sounding rocket discovered the first 
non-solar celestial X-ray sources. These turned out to be the diffuse X-ray background 
and the low mass binary system Scorpius X-l. Soon afterwards, in 1963, the first grazing 
incidence telescope (Wolter type) was used to record pictures of the Sun on photographic 
film.
The next milestone to be attained came with the launch of Skylab in 1973 carrying the 
telescopes S-054 (Vaiana et al. 1977) and S-056 (Underwood et al. 1977) which achieved 
a resolution of a few arcseconds. These were surpassed when the Einstein observatory 
(originally HEAO-B) was placed into orbit in 1978. The four nested shells in a Wolter type 
I configuration provided a massive leap forward in collecting area. The detectors included 
an efficient imaging proportional counter and a high-resolution (3" FWHM) channel plate 
device.
In May, 1983 EXOSAT was launched into a highly eccentric orbit with an apogee 
of 200,000 km. This allowed up to 80 hours of uninterrupted exposures with its two 
Wolter type I telescopes. The variability of X-ray sources could be studied continuously
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for the first time. The improvement in X-ray telescopes continued with ROSAT and now 
Chandra and XMM-Newton, which provide us with unprecedented collecting area and 
resolving power. The held of X-ray astronomy is enjoying a wealth of high quality data 
tha t looks set to continue for the foreseeable future.
4 .2  X-ray telescope configurations
The critical angle for total external reflection of X-rays from materials composed of heavy 
elements is approximately:
ctc =  6 9 . 4 ^  (4.1)
where olc is in arcminutes, p is the mass density of the reflecting material in g cm“ 3 and E 
is the X-ray energy in keV (Aschenbach, 1985). This gives a critical angle of around 1° for 
X-rays of a few keV. For incidence angles greater than this, the X-rays will be absorbed 
by the mirrors.
The requirement for grazing incidence reflections leads to telescope designs that are 
far removed from those used at longer wavelengths. Aberrations observed with grazing 
incidence optics are unlike those produced at more normal incidence and need to be dealt 
with in different ways. Further to this, the grazing incidence condition demands extremely 
low levels of surface roughness. The practicality of polishing the mirrors to the necessary 
standard must also be considered when choosing a design.
4.2.1 Kirkpatrick-Baez telescope
The first grazing incidence system to form a real image was proposed by Kirkpatrick and 
Baez, 1948. This consisted of a set of two orthogonal parabolas of translation as shown 
in Figure 4.1a. The first reflection focused to a line, which the second reflection then 
focused to a point. This was necessary to avoid the extreme astigmatism suffered by
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Figure 4.1: Kirkpatrick-Baez telescope configuration (from imagine.gsfc.nasa.gov).
a single mirror but was by no means free from geometric aberrations. The system was 
attractive for the ease of constructing the reflecting surfaces. These could be polished 
to a high level of accuracy as flat plates and then mechanically bent to the required 
curvature. In order to increase the aperture a number of mirrors could be nested together 
(figure 4.1b), although this introduces further aberrations.
4.2.2 Wolter telescopes
Wolter, 1952, set out to design an aplanatic system of grazing incidence mirrors that 
would be free of both spherical aberration and coma. This required tha t the ‘Abbe sine 
condition’ be fulfilled. For on-axis rays this occurs when the forward projection of the 
incident rays meet the backward projection of the focused rays on the surface of a sphere 
centred on the image focus. Wolter showed such a system could be produced using a 
combination of a paraboloid with either a hyperboloid or ellipsoid secondary. The three 
simplest designs are outlined in Figure 4.2 and are known as Wolter types I, II and III.
In each of the three types of Wolter telescope, the mirrors are arranged in a coaxial 
configuration and share a common focus. For the type I system, reflections are off the 
internal surface of a paraboloid and hyperboloid in a simple configuration tha t lends itself 
to nesting several mirrors inside one another. For this reason, Wolter type I systems are 
the most widely used in astronomical telescopes.
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Figure 4.2: W olter grazing incidence imaging systems, types I - III.
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The type II system involves a secondary reflection off the external surface of a hyper­
boloid leading to a longer focal length and therefore higher magnification than the type I 
system. Though almost free from spherical aberration and coma, these systems still suffer 
from astigmatism and field curvature. For the type II system off-axis blurring is much 
more pronounced than for type I. Wolter type II systems are therefore usually employed 
as narrow field imagers.
In comparison to the total system length, the Wolter type III configuration has the 
shortest focal length of all. Its relative complexity compared to the type I system is the 
prim ary reason why no telescopes have been built using this system.
4.2.3 Lobster eye telescopes
Images are formed in the eye of a lobster through reflections off the internal walls of 
a lattice of small square-sided tubes arranged over the surface of a sphere (figure 4.3a). 
W ith little modification, this design can be used in the construction of a grazing incidence 
system to focus X-rays (figure 4.3b).
This design was proposed by Angel in 1979, following a similar design of a ‘focusing 
collimator’ by Schmidt, 1975. Each small tube is aligned along the radius of a sphere. 
A ray reflected twice off adjacent walls within the tube will be focused onto a spherical 
focal plane. Rays reflected only once will be focused to a line causing background images 
in this system to appear as a tapered cross. Some rays will also pass straight through 
with no reflections. These will contribute to a diffuse background. The finite height of 
the tubes will also produce some defocusing in the image, while the angle subtended by 
each tube at the detector will limit the resolution of the system.
Despite these drawbacks, the great advantage of this design is an almost unlimited field 
of view. This makes it ideal for use as an all-sky X-ray monitor (Priedhorsky et al. 1996). 
To date, no X-ray telescopes have been built using lobster-eye optics, principally due to
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a)
Figure 4.3: The ‘Lobster-eye’ imaging system (from www.src.le.ac.uk/lobster).
the difficulty in constructing the reflective tubes. However, improvements in multichannel 
plate technology has led to a proposal for a lobster-eye X-ray telescope to be placed on 
the International Space Station (Fraser et al. 2000).
4 .3  X-ray detectors
By whichever method X-rays are focused or collimated their properties must be mea­
sured on arrival at the X-ray detector. The quality of the X-ray data will depend on 
the performance of the detector in a number of areas, namely: spatial resolution and
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extent, temporal resolution and ‘dead-time’, energy resolution and bandwidth, quantum 
efficiency, spurious background rate and the overall stability of these characteristics with 
time. A number of different types of X-ray detector exist, optimised for best performance 
in one or more of these areas. The following sections describe three of the most common 
types of detector used on space-borne X-ray telescopes. Further details can be found in 
Fraser (1989).
4.3.1 Proportional counters
Proportional counters detect X-rays through their interaction with a gas housed within 
a windowed chamber. For X-rays of energy < 50 keV, this interaction is primarily the 
photoelectric effect. A primary photoelectron is ejected from the gas atom followed by 
a number of Auger electrons in a localised cloud. Thermalisation will then cause the 
ionisation of further gas atoms. The number of electrons thus released will be proportional 
to the energy of the X-ray photon: N  = E / w , where w is the mean energy required to 
release a secondary electron [w — 26.2 eV for argon, 21.5 eV for xenon).
The presence of this electron cloud is eventually measured through an arrangement of 
electrodes. This usually consists of a uniform low-field ‘drift region’ where the X-rays are 
absorbed, and a high-held ‘avalanche’ region near to the anode. When the charge cloud 
reaches the avalanche region the electrons are accelerated sufficiently to ionise further gas 
atoms. The resulting pulse of charge onto the anode will have been amplified by a factor 
dependent on the geometry of the electrodes (e.g. ROSAT PSPC has a gain of ~  5 x 104). 
This can then be measured and the energy of the original X-ray photon simply derived. 
The energy resolution is constrained by the intrinsic variance in the number of electrons 
produced in the original charge cloud. This depends on the ‘Fano’ factor (F) of the gas: 
o2n =  F N  where F ~  0.17 for argon and xenon.
Position information is often provided through the signal induced on a cathode grid. 
Spatial resolution is constrained by the extent to which the charge cloud diffuses laterally
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within the drift region. This is heavily dependent on the number of electrons within the 
cloud. Timing resolution is governed by the anode-cathode spacing and the positive ion 
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Figure 4.4: Schematic cross-section of the ROSAT position-sensitive proportional
counter (PSPC). The counter gas is a mixture o f 65% argon, 20% xenon and 15% 
methane. Energy resolution (A E /E )  is 42/J5'1/ 2% w ith a bandwidth o f 0.1 - 2 keV. 
Spatial resolution ranges from 20 - 50 arcsec for energies between 1.5 and 0.2 keV on 
axis. This increases to  ~  4 - 5 arcmin, 50 arcmin o ff axis. The field o f view is ~  1.6°.
The quantum efficiency of a gas proportional counter is dependent on the transmission 
properties of the window (including the support mesh) and the absorption properties of 
the gas. Photoelectric absorption follows the general relation Z A/ E 8/3 in regions not 
dominated by absorption edges. Therefore windows are made of material with low atomic 
number (Z), generally plastics coated with a thin metallic layer to stop optical photons 
and provide electrical conductivity. Below 1 keV the quantum efficiency is dominated 
by absorption in the window, principally the C K absorption edge at 0.28 keV which 
generally reduces the transmission to zero. At higher energies the quantum efficiency is 
dominated by the optical thickness of the gas. Mixtures of noble gases are often employed 
to maintain the absorption cross-section over a range of energies.
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Spurious background events can be caused by charged particles passing through the 
chamber leaving a trail of electron-ion pairs. These can be distinguished from X-ray events 
due to the different rise-time of the resulting pulse. A more robust method makes use 
of an anticoincidence’ electrode grid physically separated from the main anode. Charge 
clouds produced by X-ray photons will not reach this grid so that any events occurring 
simultaneously at the two anodes can be rejected. The ROSAT PSPC (figure 4 .4) uses 
this method to achieve a background rejection efficiency of ~  99.8%.
4.3.2 MicroChannel plates
MicroChannel plates (MCPs) consist of the order of ~  107 hexagonally packed lead glass 
tubes. The physical principle on which these detectors are based is again the photoelectric 
effect. X-rays are absorbed in the channel walls causing the emission of a primary pho­
toelectron and a number of secondary electrons. However most of these are immediately 
recaptured by the lead glass medium and the most probable number of electrons escaping 
into the channel is just one. This is practically independent of X-ray energy and leads 
to almost a complete lack of energy resolution for uncoated microchannel plates. Once 
an electron has emerged into the evacuated tube it is accelerated along its length by an 
applied electric field. The kinetic energy gained allows the electron to release a number of 
secondary electrons on collision with the channel walls. The resulting cascade of electrons 
emerge from the back of the plate and impinge upon a charge detector (often a crossed 
wire grid) which measures the pulse shape and position of the event.
Many microchannel plate detectors such as the Chandra High Resolution Camera 
(HRC), use a chevron arrangement of two plates (see figure 4.5). Here, the axis of the 
plate tubes are canted at an angle of 6° to the optical axis (and the applied electric field) 
though in opposite directions for the two plates. The primary reason for this is to reduce 
positive ion feedback. Residual gas atoms within the tube may be collisionally ionised 
and proceed back up the tubes under the influence of the electric field. The bias angle of 
the tubes ensures these ions will reach the walls before they have gained enough kinetic











Figure 4.5: A schematic o f the Chandra HRC microchannel plate detector (from
h t tp : / /c x c .harvard.edu).
energy to release further electrons and produce an unwanted cascade event.
The spatial resolution of an MCP detector is fundamentally limited by the channel 
diameter (10¡im for the HRC-I). However, this is degraded through a spreading of the 
electron cascade in the inter-plate gap to a number of channels in the second plate. At 
X-ray energies above ~  5 keV, the X-ray photon penetrates the lead glass channel walls 
to release photoelectrons in neighbouring channels further degrading the PSF. For the 
Chandra HRC intrinsic spatial resolution is ~  20/rm (~  0.4 arcsec) with a field of view 
of ~  30 x 30 arcmin. Time resolution is also extremely good (16 ¡j,sec for the HRC) and 
usually only limited by the telemetry rate.
Quantum efficiency for uncoated MCPs is low (1 - 10%) and decreases towards higher 
energies. To improve efficiency the channel walls are coated with a material of high photo­
electric yield. This coating may also allow for the release of more than one photoelectron 
leading to some measure of energy resolution. At 1 keV the Chandra HRC has a quantum 
efficiency of 30% and a spectral resolution A E / E  ~  1. Quantum efficiency at soft energies
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is limited by the transmission of the UV/Ion shield.
Background rejection techniques are similar to those used with proportional counters 
(pulse rise-time and anticoincidence detection). MCPs often have problems with ‘dark 
noise’ th a t may perhaps be linked to radioactive isotopes in the plate material.
4.3.3 CCD detectors
The charge-coupled device (CCD) has largely become the detector of choice for X-ray 
astronomy. It combines very good spatial resolution (comparable to microchannel plates) 
with moderate energy resolution (significantly better than gas proportional counters). The 
physical principal involved is photoelectric absorption by silicon resulting in the release 
of a proportional number of electrons, analogous to the process within a gas proportional 
counter. Beyond th a t the physical properties and operation of a CCD detector are some­
what different. A detailed description of scientific charge-coupled devices can be found in 
Janesick (2001).
Theory and design
Detectors such as the Chandra Advanced CCD Imaging Spectrometer (ACIS) use what 
are known as ‘buried channel CCDs’. The basic structure of this type of CCD is shown 
in figure 4.6. The semiconducting material (usually silicon) is divided into a number of 
regions of differing conductivity by introducing ‘dopants’. Neutral silicon contains four 
electrons in the valence band. If these electrons are given enough energy they may cross 
the band gap (E g =  1.12 eV) and enter the conduction band, leaving a ‘hole’ in the 
valence band. Introduction of a pentevalent atom such as phosphorus supplies an extra 
valence electron in an energy level just below the conduction band (5E = 0.05 eV). At 
tem peratures above 70 K these electrons are completely thermally ionised. Silicon 
doped with phosphorus is known as ‘n-type’ material and contains an over-density of free
4-3 X -ray  detectors 71
Figure 4.6: Structure and potential well o f a buried-channel CCD.
electrons equivalent to the donor impurity density. In contrast ‘p-type’ material is doped 
with trivalent atoms such as boron or aluminium. These provide energy levels just above 
the valence band which ‘accept’ electrons thermally excited from the surrounding silicon. 
This creates an over-density of holes.
Layers of p and n-type material are created on one side of a less refined silicon sub­
strate. The outer surface is then oxidised to form a thin insulating layer. The electrode 
or gate m aterial is then deposited on top of this. The purpose of the CCD structure is 
to store charge beneath the gate. Charge can become trapped at the Si-Si02 interface 
which causes problems when the CCD is read out. To eliminate this problem voltages 
are applied across the n-p structure in order to produce a potential maximum below the 
surface. Charge then collects within this ‘buried channel’ (see figure 4.6). The potential
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well is formed in the following way. Before any bias voltage is applied, mobile charge 
carriers diffuse across the n-p junction and combine. The region becomes depleted of 
charge carriers leaving the fixed lattice charges (i.e. the dopants, negative on the p-side 
and positive on the n-side) exposed. The electric field created in this way (~  0.7 V for 
silicon) acts to inhibit further diffusion. A reverse bias voltage (Vrej) is then applied 
which causes charge carriers to flow away from the junction, increasing the size of the 
depletion region. Between the surface and the beginning of the depletion region in the 
n-type material the potential is constant at Vre/- A gate voltage (Vs) is applied which 
is negative relative to Vre/. This repels electrons away from the gate forming a second 
depletion region of uncompensated positive dopants. Increasing Vre/ causes the region 
of constant potential to shrink until the two depletion regions finally merge leaving a 
maximum potential (Vmax) some distance below the surface.
X-rays are detected when they are absorbed by the silicon with the creation of N  = 
E /w  electron-hole pairs. The ionisation energy (w) for silicon is 3.62 eV compared with
26.2 eV for argon. In addition the Fano factor for silicon is 2 - 3 times less than for 
any counting gas. This governs the statistical fluctuations in N  and indicates a great 
improvement in energy resolution over gas proportional counters. The electrons liberated 
by the X-ray photon are confined by the potential well to a small volume beneath the 
gate.
Operation
Once the charge has been collected its position, energy and time of arrival must be deter­
mined. The gate structure on the surface of the CCD is designed to produce well-defined 
pixels and efficient read-out of charge. The electrodes are arranged in thin parallel strips 
where three adjacent electrodes constitute the pixel width. The centre electrode is set to 
a high potential (Vg) while the outer electrodes are negatively biased. The other pixel 
dimension is set by ‘channel stops’, heavily doped p-type implants which are negatively 
charged once depleted.
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Figure 4.7: Readout o f a frame transfer CCD (such as Chandra ACIS). This schematic 
displays parallel charge transfer through clocking o f the image (I) and store (S) gate 
voltages. The frame store is read out line by line by clocking the readout voltages (R).
An integration begins once the gate voltage is applied. Electrons released through 
X-ray absorption collect beneath the gate. At the end of the allotted integration time, 
the accumulated charge is quickly transferred to a shielded ‘frame store’. The transfer is 
achieved by reducing the voltage on the gate electrode while the voltage on the neighbour­
ing electrode is raised. By cyclically varying the voltages, stored charge over the entire 
imaging region is read out in parallel (figure 4.7). The frame store is then transferred to 
a serial readout line-by-line, which feeds into an output amplifier.
The imaging region of the CCD is continuously exposed to X-rays so that a second 
integration proceeds while the first is being read from the frame store. The parallel
Vout
4-4 Characteristics o f  Chandra ACIS data 74
transfer needs to be very fast to prevent significant contamination from exposure during 
readout. For ACIS parallel transfer takes ~  40 ms, compared to a nominal frame time of
3.2 seconds. The timing resolution is determined by the frame time which is limited by 
the time required to read out the frame store. Therefore, better time resolution can be 
achieved by reducing the size of the image region.
Spatial resolution is fundamentally limited by the pixel size. However, in cases where 
X-rays are absorbed below the depletion region, the charge may diffuse across two or 
more pixels. The field of view of CCD detectors cannot yet match tha t of microchannel 
plates, although a number of chips can be placed side-by-side in the focal plane to increase 
coverage.
Spectral resolution, although fundamentally limited by the variance in the charge 
released by an X-ray photon, also depends on the charge transfer efficiency (CTE) of the 
chip and other noise introduced by the electronics. Spectral resolution is also seriously 
affected by ‘pile-up’. This occurs when a single pixel receives two or more photons during 
a single exposure. The event will be recorded as a single count with the combined energy 
of the photons.
4 .4  Characteristics of Chandra ACIS data
The Chandra X-ray Observatory was launched on July 23, 1999, into a highly elliptical 
orbit. W ith a steady apogee of ~  140,000 km and a perigee of ~  10,000 km after launch 
(rising to ~  23,000 km as of September 2001), the satellite spends > 75% of the time 
well above the radiation belts. The orbital period is 63.5 hours allowing continuous 
observations of > 170 ks.
The X-ray telescope is of a Wolter type I design. The four nested pairs of mirrors 
have a total aperture of 1145 cm2 and a focal length of 10 m. The two focal-plane 
science instruments are the Advanced CCD Imaging Spectrometer (ACIS) and the High
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Figure 4.8: Schematic o f the ACIS focal plane, looking along the optical axis from the 
direction o f the source (-X ). From http ://cxc.harvard .edu.
Resolution Camera (HRC). Here, I will consider data taken with the Chandra ACIS
detector.
The X-ray data delivered from ACIS is a product of the true incident X-ray radiation, 
the response of the High Resolution Mirror Assembly (HRMA), the efficiency of the 
CCD detectors, and the pre-processing performed. This section outlines some important 
characteristics of this data. A more complete description can be found in the ‘Chandra 
Proposers’ Observatory Guide’ available from the Chandra X-ray Centre (values quoted 
are from this reference unless otherwise stated).
The layout of the ten 1024 x 1024 pixel CCDs is displayed in figure 4.8. Any 6 chips 
may be operated simultaneously. If the 2 x 2 ACIS-I imaging array is used the aimpoint 
is nominally set to a point on the 13 chip close to the centre of the array. D ata collected 
far from this aimpoint, such as on the ACIS-S chips will be out of focus. I will therefore
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limit this section to a description of the data products from the ACIS-I, front illuminated 
(FI) chips.
4.4.1 Detection and grading of X-ray events
On-board processing defines X-ray events where the charge collected at a given pixel
exceeds a certain event threshold (after removing the CCD bias) and is also a local max­
imum. A grade is then assigned based on which of the surrounding 8 pixels exceeds a 
lower ‘split-event’ threshold. The grade therefore represents the size and shape of the 
event recorded as a number between 0 and 255. 0 denotes a single pixel event while 255 
indicates charge has been collected in all 9 pixels.
This is done in order to separate events that are caused by spurious sources. Events 
with grades of 24/66 (3-pixel horizontal/vertical split), 107/214 (6-pixel block), and 255 
make up 97.7% of the 0.3 - 10 keV non X-ray background and are discarded on-board. All 
other grades are included in the telemetry stream along with event position in detector 
coordinates, event amplitude and arrival time. Pipeline processing on the ground then 
limits the data to an optimum standard set of grades.
4.4.2 Spatial resolution
The on-axis spatial resolution is limited by the CCD pixel size (24 gm or ~  0.492 arcsec 
square). The point spread function (PSF) is affected by the response of the nested mirror 
assembly, telescope aspect (pointing) errors, and the ACIS response function. Figure 4.9 
displays the resulting on-axis PSF at a number of different energies.
The HRMA consists of 4 nested pairs of mirrors in a Wolter type I configuration.
Aberrations intrinsic to this design and the effect of the different focal surfaces for the 4 
mirrors results in a degradation of the PSF off-axis. The 4 flat ACIS-I chips are tilted
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Figure 4.9: Simulated PSF for an on-axis point source as measured by the ACIS-S3 chip 
(w ill be almost identical to the ACIS-I response). From h ttp ://cxc.harvard .edu .
tangential to the curved focal plane which introduces further aberrations. The increase 
in PSF size with off-axis angle is displayed in figure 4.10. It should be noted that this 
effect is also energy dependent.
The Chandra X-ray Centre provide a ‘PSF library’ from which models of the PSF can 
be interpolated for a given position and energy.
4.4.3 Energy resolution
Prior to launch, the energy resolution for the ACIS FI CCDs ranged from ~  60 eV FWHM 
at 1 keV to -  150 eV at 8 keV. The CCDs were later damaged by low energy protons from 
the radiation belts and the energy resolution has been degraded. The damage has affected











Figure 4.10: Contours display PSF size (radius o f 50% encircled energy), w ith off-axis 
angle. Dotted line is 1 arcsec, dashed line is 1.5 arcsec, followed by contours at 1 arcsec 
intervals. Th ick lines denote 5, 10, and 15 arcsec contours. From h ttp ://cxc.harvard .edu .
the charge transfer efficiency of the front illuminated CCDs so that energy resolution is 
now a function of row number. Close to the frame store pre-launch values still apply, while 
the energy resolution degrades by a factor of ~  2 towards the opposite edge. Software is 
now available to model this effect and significantly improve the energy resolution.
4.4.4 Effective area
The geometric aperture of the HRMA is 1145 cm2. However, the effective area at the 
detector is reduced by a number of factors. These are i) obstruction by supporting struts 
(less than 10%), ii) energy dependence of the mirror reflectivity, iii) transmission of the 
optical blocking filter and iv) quantum efficiency of the CCDs. The combined effect of 
these factors are displayed in figure 4.11. Off-axis dimming (vignetting) acts to reduce 
the effective area by ~  20% for sources 10 arcmin from the aimpoint.
ACIS-I PSF R adius vs O ff-Axis Angle, 
1.49 keV, 50% E n c irc led  E nergy
Y (Dispersion) (mm)
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Figure 4.11: The HRMA/AC IS predicted effective area as a function o f energy. Calcu­
lations are for a point source using the standard grade set. From http ://cxc.harvard .edu .
4.4.5 Background properties
The total background count rate for Chandra ACIS-I standard grade data is very low. 
For the Chandra observation of the ELAIS N2 field the rate is 6 xlO ~10 counts cm-2 s_1 
pixel“ 1, equivalent to 1 count over a ~  75 pixel (~  18 square arcsecs) region for the entire 
75 ks integration.
There are a number of different components to the background count rate. The diffuse 
X-ray background is primarily composed of unresolved sources and will effectively decrease 
as the integration time increases. The remaining component is referred to as the non X-ray 
background. This is principally cosmic ray induced events with a hard spectrum. Neutral 
particles and charged particles that have sufficient momentum to avoid deflection by the 
applied electric held leave a trail of charge in the detector that can usually be filtered out
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Figure 4.12: Quiescent background spectra for the Bl chip S3 (red) and FI chip 
13 (black). Data is for standard grades w ith an ACIS temperature o f -90C. From 
h ttp ://cxc .ha rva rd .edu .
by excluding certain grades. Photons with energies outside the X-ray bandpass will also 
add slightly to the background.
The quiescent background spectrum is shown in figure 4.12. Diffuse X-ray events dom­
inate at low energies while the cosmic ray component becomes dominant above ~  5 keV. 
The background count rate is relatively stable except during periods of flaring activity. 
These are a significant problem for the back illuminated chips where the background may 
exceed 10 times the quiescent rate 5 - 15% of the time. This reduces to less than 1% of 
the time for the front illuminated chips of the ACIS-I array. The flares have a soft X-ray 
spectrum.
There is significant spatial variation in the background count rate. This is mainly due 
to the hard cosmic ray component. The 5 - 10 keV background can vary by more than 
30% across a single chip. However, the spatial structure of the background remains stable
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over the course of an observation.
4.4.6 Pipeline processing
ACIS data are received as event files after undergoing a certain amount of pipeline pro­
cessing. The primary data product is the level 1 event list which contains all of the 
events taken by ACIS during the Observation Interval (OBI). The following processing 
has occurred to arrive at level 1:
•  Event grades are determined and status bits are set. These are used to indicate 
potential problems with the event.
• Chip coordinates are transformed into sky pixel coordinates. Aspect corrections are 
made to account for spacecraft motion and instrument dither.
• The pulse invariant (PI) energy is calculated, correcting for gain variations and 
charge transfer inefficiency.
• D ata is formatted into an event list and standard FITS header.
A level 2 event list is prepared with the following further processing:
• Multi-OBI observations are merged into a single event file.
• A good time interval (GTI) filter is applied to remove periods where no useful data 
was recorded.
• Events are filtered to include only the standard ACIS grade set.
•  Further filtering removes events with non-zero status bits. This removes bad-pixels 
and ‘problem’ events such as cosmic ray afterglows.
Further data products are also prepared including bad-pixel lists, aspect offset files etc.
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Cosmic ray afterglows
Cosmic rays can deposit large amounts of energy in front-illuminated chips which is not 
entirely removed on read-out. In these cases events are recorded in a number of consecutive 
frames for the same pixel. These events are flagged in the status bits and removed for 
level 2 event files, however a significant number of real X-ray events can also be flagged as 
afterglows for bright X-ray sources. For this reason, cosmic ray afterglow events should 
be reinstated when estimating the flux of an X-ray source.
4 .5  Source detection with wavelets
Wavelets are oscillatory, scalable functions which are non-zero only within a limited spatial 
and Fourier regime. Their overall normalisation is zero. Wavelets used in source detection 
also exhibit vanishing moments. A wavelet (ip) with M vanishing moments will obey the 
following equation:
Integrating the product of such a wavelet with a polynomial of degree <  M - 1 will give 
zero. Therefore, correlating a wavelet function with a photon count image will only give
filter for characterising the size and shape of a source.
WAVDETECT is a source detection and characterisation algorithm developed by Free­
man et al. (2002). The Marr or ‘Mexican H at’ wavelet function is used which has a positive 
kernel similar in shape to a canonical PSF. The shape of this wavelet function is displayed 
in figure 4.13. The scale parameter (i) can be changed to ‘stretch’ the wavelet in the x-y 
plane. The Mexican Hat function has two vanishing moments indicating correlations with 
constant or linear functions will be zero.
n =  0 , . . . ,  M  — 1 (4.2)
significant values where the image undergoes high-order variations (i.e. in the vicinity of 
a source). The limited spatial and Fourier extent of a wavelet also makes it an excellent
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Figure 4.13: The 'Mexican Ha t’ wavelet function.
The first step in source detection is correlation of the image data with the wavelet 
function for a number of user defined scales. The ‘correlation image’ at a certain scale 
size replaces each pixel with the integrated product of the data and a wavelet centred on 
th a t pixel. Correlation values (C y) are then used to determine whether a source is present
a certain correlation value given the local background (B y). These probabilities have 
been calculated by over 50,000 simulations which are sufficient to characterise the bulk of 
the probability distribution, but insufficient to assign probabilities to the most significant 
correlations. The threshold correlation value (C'0,jj) is therefore defined as follows:
where S 0 is a user-defined threshold significance. Correlation values Cij > C0̂ j  lead to 
the identification of source pixels. S0 can be given a value equal to the inverse of the 
number of image pixels, which would lead to an average detection of one false source over 
the full extent of an image.
The background value for each pixel (Bh]) is found through an iterative process. 
Initially B hJ is estimated at each wavelet scale by correlating the data with the negative 
annulus of the ‘Mexican H at’. The background maps created will include contamination 
from sources tha t coincide with the wavelet annulus. These sources are identified through 
the method outlined above using the initial background map with S0 set high in order
at tha t pixel location. The detection threshold depends on the probability of obtaining
(4.3)
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to identify all possible sources. Once these are ‘cleansed’ from the image the background 
can be estimated again. This process continues until all sources are removed and a final 
background map is produced.
Source characterisation is achieved through the identification of ‘source cells’. First, 
the raw data is smoothed using the positive kernel of the wavelet for each size scale. The 
corrected background map is then subtracted to create a ‘source count image’ for each 
wavelet scale. These images will only deviate significantly from zero in the vicinity of 
sources. Each of these islands in the image will contain one or more peaks and can be 
separated in to subislands divided by saddle points. For each identified source, an image 
is chosen th a t has been smoothed at a scale closest to the PSF size at tha t point. The 
subisland in which the correlation maximum resides is then identified as the source cell.
Source characteristics are identified using the raw data contained within the source cell 
and a corrected background map made by combining background estimates from each size 
scale. The smoothing procedure used to generate the source cells means tha t for isolated 
sources the cells will contain practically all of the source counts.
Chapter 5 
The ELAIS Deep X-ray Survey
5.1 Introduction
The results of recent deep X-ray surveys reveal that almost the entire X-ray background 
can be resolved into discrete sources. The ROSAT Deep Survey (Hasinger et al. 1998) 
resolved 70 - 80% of the 0.5 - 2 keV background at a flux level of 1 xlO “ 15 erg s“ 1 cm“2. 
Observations with Chandra and XMM-Newton are now pushing the detection limits even 
further. In particular, the unprecedented resolution of Chandra allows extremely deep 
observations tha t are not limited by source confusion. The Chandra Deep Fields (North, 
Brandt et al. 2001; South, Giacconi et al. 2001) have each accumulated 1 Msec of data 
reaching flux limits of 3 - 5 xlO “ 17 erg s“ 1 cm“ 2 in the 0.5 - 2 keV band. However, the 
greatest advances have been at higher energies where Chandra is now beginning to resolve 
the 2 - 8  keV background.
The m ajority of sources resolved by ROSAT were found to have spectra that were 
too steep to account for the flat spectrum of the hard X-ray background. Almaini et 
al. (1996) showed that towards fainter fluxes a new population emerged in the ROSAT 
data with intrinsically harder X-ray spectra. Chandra is now uncovering a large number
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of hard spectrum sources, and the majority of the 2 -8  keV background has been resolved. 
Over the flux range 2 xlO ~16 to 10-13 erg s_1 cm-2 the contribution of resolved sources 
to the 2 - 8  keV background is 1.1 xlO -11 erg s-1 cm-2 deg-2 (Cowie et al. 2002). This 
translates to ~  65 - 85 per cent of the background as measured by Vecchi et al. (1999, 
Beppo-Sax) and Uecla et al. (1999, ASCA) respectively.
Early spectroscopic observations of these hard sources are finding most to be obscured 
AGN at -z < 1 (Tozzi et al. 2001). In contrast, Type I AGN display softer X-ray spectra 
and cover a wider range in redshift. A considerable fraction of the hard X-ray sources are 
optically faint, probably due to obscuration, and provide challenging targets for spectro­
scopic identification.
There are still a number of unanswered questions relating to the properties of the 
hard X-ray populations at longer wavelengths. AGN with large X-ray absorbing columns 
do not always appear as Type II AGN in the optical (e.g. Maiolino et al. 2001). The 
relationship between gas and dust absorption in AGN remains unclear. It is also unceitain 
where the absorbed radiation may be re-radiated. Approximately ~  7 per cent of X-ray 
sources in the Chandra Deep Field North are submillimetre sources (Barger et al. 2001), 
however whether this is the result of reprocessed nuclear emission or due to a starburst 
component, is unknown. Almaini et al. (2001) find evidence for a strong angular cioss- 
correlation between the X-ray and subnrillimetre populations. They suggest theie may be 
an evolutionary sequence in these galaxies between the major episode of star-formation 
(submillimetre sources) and the onset of quasar activity (X-ray souices). To moie fully 
understand the nature of these sources will require in-depth multi-wavelength studies of 
the X-ray source population.
We are conducting a deep X-ray survey with Chandra and XMM in two of the Eu­
ropean Large Area ISO Survey (ELAIS) fields, N1 and N2. These high latitude fields 
were chosen for their low cirrus emission, and have a wealth of multi-wavelength data 
available. Both fields have been observed with ISO at 7, 15, 90, and 175 gm (Oliver et 
al. 2000), with the VLA at 1.4 GHz (Ciliegi et al. 1999, Ivison et al. 2002), and have
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deep g', r', i', H, and K imaging (Gonzalez-Solares et al. 2002). Region N2 has been 
mapped with SCUBA to 8 mJy at 850/rm (Fox et al. 2001, Scott et al. 2001). As well as 
the Chandra observations described here, XMM-Newton observations in regions N2 (150 
ksec deep pointing) and Nl (5 x 30 ksec pointings) are awaiting scheduling.
In this chapter I present the analysis of the Chandra X-ray data and the Chandra 
source catalogue.
5 .2  The X-ray data
The ELAIS Deep X-ray Survey (EDXS) is being conducted in the northern ELAIS re­
gions N l and N2. The Chandra data consists of approximately 75 ks exposures in each 
field. Region N l was observed on 3-4 August 2000 (OBSJD 888) and N2 on 2-3 August 
2000 (O BSJD  887). The nominal aimpoints were Nl: 16:10:20.11 +54:33:22.3, and N2: 
16:36:46.99 +41:01:33.7. The ACIS-I chips were used with the addition of ACIS-S2 and 
ACIS-S4.
Analysis was carried out on data reprocessed with version R4CU5UPD14.1 of the 
pipeline processing software. The data were reduced using the CIAO (cxc.harvard.edu/ 
ciao) software package (version 2.1). Bad pixels and columns were removed and data were 
filtered to eliminate high background times. The latter was achieved through constructing 
a lightcurve for background regions and identifying periods of intense background activity 
due to solar flares. One obvious flaring period was identified over the course of the 
observations resulting in the removal of 1552 seconds from the data in region Nl. More 
stringent conditions for the removal of high background times were not thought necessary 
considering the low level of the quiescent background. After filtering, exposures in fields 
N l and N2 were 71.5 ks and 73.4 ks respectively.
Exposure maps were constructed to account for variations in effective exposure across 
an image. This incorporates the positions of bad pixels, dithering, and vignetting. The
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effective exposure is significantly affected by the energy of the source counts. To account 
for this, an assumed source spectrum is convolved with the quantum efficiency of the 
chip and the effective area of the mirrors. The resulting map provides an estimate of 
the effective exposure (cm 2 s L) at each point on the image. For our images, I used a 
standard power-law model spectrum, with photon index T =  1.7 .
5 .3  Source detection
Sources were detected using a wavelet method, specifically the WAVDETECT program 
(Freeman et al. 2002) included with the CIAO software package. The “Mexican Hat” 
wavelet function is used, which consists of a positive core similar to a canonical PSF, 
surrounded by a negative annulus. The overall normalisation is zero. The zero-crossing 
point is at a radius of x/2i, and the minimum at 2i, where i refers to the scale size in 
pixels. The correlation of this wavelet function with an image will reveal sources where 
correlation values are larger than a pre-defined threshold.
A 2 x 2 binned image was used, giving a pixel size of 0.984". The threshold for source 
detection was set such that the probability of erroneously identifying a given pixel with a 
source is 9.5x 10-7 . This translates to a mean detection of 1.0 false sources over the region 
of the 4 ACIS-I chips. Wavelet scales were chosen at i =  2, 2\/2, 4, 4\/2, 8, 8y/2, 16, 
16\/2, and 32 pixels. The minimum scale was chosen to enclose ~90% encircled energy of 
an on-axis PSF. Larger scales can then match the increased size of off-axis and resolved 
sources. The algorithm also uses an exposure map to correct for inconsistencies across 
the chips.
Sources were detected in 3 bands: 0.5 - 8 keV (full band), 0.5 - 2 keV (soft band), and 2 
- 8 keV (hard band). Below 0.5 keV the quantum efficiency (including the optical blocking 
filters) of the front illuminated chips drops off steeply. A steep rise is also observed in the 
background rate due to charged particles. Beyond 8 keV the effective area of the mirrors 
is sharply decreasing whilst the background rate is again beginning to rise.
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In ordei to verify that no sources were missed, I also ran a source detection on the 0.3 
- 10 keV band. All sources found were also detected in the 0.5 - 8 keV band, and overall, 
fewer sources were detected.
5.3.1 Sample reliability and completeness
For the purposes of source detection, counts flagged as cosmic-ray afterglows were removed 
from the image. This procedure is known to also remove several percent of source photons. 
Therefore, to obtain reliable measurements of source flux and extent, a second source 
detection was performed on an image where the flagged counts were reinstated. Only 
sources obtained in the original source detection were used.
WAVDETECT simulations (Freeman et al. 2002) suggest a mean of 1.0 false sources 
will be detected over the region of the 4 ACIS-I chips. I also impose a cut-off at a S/N of 
3.0, principally for the purpose of defining a flux limit. This has the effect of removing a 
handful of the least significant sources, further improving the reliability of the sample.
The completeness of the WAVDETECT method is yet to be definitively established. 
Early simulations have been done by V. Kashyap (private communication). These indicate 
an overall completeness for our sample of 98.5 -  99.5 %.
5 .4  The Chandra source catalogue
A total of 233 X-ray sources have been detected in the 2 fields. In N1 there are 127 sources 
in the full band (0.5 - 8 keV), 101 in the soft band (0.5 - 2 keV) including 2 extra sources 
not detected in the full band, and 72 sources in the hard band (2 - 8 keV) including 1 
extra source not detected in the full band. There are 57 sources detected in both the soft 
and hard bands. In N2 there are 98 sources in the full band, 81 in the soft band (including 
3 extra sources not in the full band), and 52 sources in the hard band (including 2 extra
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Figure 5.1: ‘True-colour’ source image of the Chandra field Nl. T h is  is a noise-free 
reconstruction of the raw data using the source properties and correlation images output 
from the source detection algorithm W A V D ETEC T. The colours are constructed from the 
soft-band (red), full-band (green), and hard-band (blue).
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Figure 5.2: ‘True-colour’ source image of the Chandra field N2, constructed as figure 5.1
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sources not in the full band). There are 41 sources detected in both the soft and hard 
bands.
The IAU name for the catalogued sources is CXOEN1 JHHMMSS.s+DDMMSS, for 
sources in N1 (table E .l), and CXOEN2 JHHMMSS.s+DDMMSS for sources in N2 (ta­
ble E.2). Coordinates are truncated to the above accuracy.
Tables E .l & E.2 display the full catalogue. Sources are detected to a S/N limit of 3, 
defined as
S /N  =  C/{1 +  \/0.75 +  B) (5.1)
where C are the net source counts, and B the background counts within the ‘source cell’, 
a region defined by WAVDETECT assumed to contain effectively all of the source counts 
(Freeman et ol. 2002). It should be noted that the source cell used here may be larger 
than regions used for conventional aperture photometry. The values calculated for S/N 
may therefore be lower than those expected from such methods. The denominator of 
equation 5.1 is an approximate expression for the error on the background counts (a 
small number statistic). This comes from Gehrels (1986: equation 7), which gives the 
upper confidence level equivalent to a 1 o Gaussian error. For sources that do not reach 
the S/N  limit in a certain band, an upper flux limit has been calculated from equation 5.5 
(section 5.5.1).
Source coordinates have been astrometrically corrected using calibrated r' band images 
(to a depth of r' ~26). High S/N Chandra sources were matched with stellar r' band coun­
terparts. 16 sources were used in N1 and 11 in N2, with a good spread across the fields. 
The Starlink package ASTROM (star-www.rl.ac.uk/star/docs/sun5.htx/sun5.htm l) was 
used to perform a 6-parameter fit (zero points, scales in x  and y, orientation and non­
perpendicularity). The RMS residuals were all less than 1", randomly distributed with a 
mean of ~0.4". The positional error quoted in the catalogue is the error on the centroid 
position from the source detection algorithm, with 0.4" added in quadrature to represent 
astrometric error.
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Figure 5.3: Conversion factors to  calculate true flux for a source w ith spectral slope a 
given the fluxes quoted in the source catalogue (which assumes a  =  0.7). This figure has 
been calculated by passing model spectra o f slope a  through the to ta l response matrix of 
the detector at a position corresponding to the source Nl_23.
Net counts are quoted as the total source counts (background subtracted) in the full 
energy band (0.5 - 8 keV). Where sources are only detected in the soft or hard bands, the 
net counts represent counts in this band only.
Flux values are calculated assuming a power-law source spectrum of the form F  =  v~a 
with a = 0.7 . The effective area will vary as a function of a  depending on the response 
of the detector. If the slope of the spectrum is known for a given source, figure 5.3 can 
be used to calculate the true flux from the value given in the catalogue. This figure has 
been calculated by passing model spectra of slope a  through the total response matrix of 
the detector at a position corresponding to the source Nl_23.
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In this section I calculate the cumulative source counts, N(>S), in the three bands. I first 
outline details of the calculation (section 5.5.1) which requires knowledge of the available 
area of the survey as a function of flux. Section 5.5.2 presents the results and comparisons 
with other surveys, while section 5.5.3 describes the source contribution to the hard X-ray 
background.
5.5.1 Calculating source counts
N(>S) is defined as the sum of the reciprocal areas available for detecting each source 
th a t is brighter than flux S. The sky area over which a source of flux S may be observed 
depends on the flux limit at each point in the image. This, in turn, depends on the 
variation in PSF size and effective exposure across the image. The flux limit (Sum in erg 
cm-2 s_1) may be defined by the chosen S/N limit of our sample (from equation 5.1):
S /N lim = 3 =  C W (1  +  \/0.75 +  B) (5.2)
where
Cum — Sum x  effective exposure x K  (5.3)
I< is a constant (conversion factor from ergs to counts), while the effective exposure (in 
cm2 s) at each point on the image can be found from the exposure map. The background 
counts within the source region (B), depend on the size of the PSF:
B  =  B avg x PSF size (5.4)
B avg is the mean background counts per pixel. This leaves the following expression for 
the flux limit:
1 +  ^0 .75  +  (B avg x PSF size) 
hm X effective exposure x K  
PSF sizes across the image were taken from the latest PSF library available with the 
CIAO software distribution. These were used in conjunction with the relevant exposure
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Figure 5.4: Sky area observed at survey flux lim it.
maps for each band to calculate a ‘flux limit map’ of the Chandra image. The sky area 
available at a given flux limit is found by summing all the pixels with values smaller than 
this limit. Figure 5.4 displays the sky area available at the flux limit of our survey.
5.5.2 Results
The cumulative number counts per square degree are plotted as filled circles in figure 5.5. 
l a  errors are plotted as solid lines. These incorporate Poisson errors on the counts and the 
error on the available sky area. The limiting flux levels are 1.1 x 10~15 erg cm-1 s” 1 (0.5 
- 8 keV), 4.6 x 10” 16 erg cm” 1 s” 1 (0.5 - 2 keV), and 2.2 x 10”15 erg cm” 1 s” 1 ( 2 - 8  keV). 
Simulations show completeness to be around 99% (V. Kashyap, private communication), 
while Eddington bias may result in an over-estimation of the cumulative number counts 
by approximately 1% (see appendix D for details). These factors work to cancel each 
other and can safely be neglected.
The slope of the log(N) - log(S) for each band was fitted with a power-law using a
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Figure 5.5: Cumulative number counts per square degree for sources detected in the 
soft (top ), hard (m iddle), and full (bo ttom ) band images. Data are plotted as filled 
circles w ith solid lines enclosing l u  errors. Number counts from other recent surveys are 
estimated from best-fitting power laws quoted in the above references.
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weighted least squaies fit. For the 0.5 - 2 keV band over the flux range (4.6 - 50) xlO 16 
erg cm-2 s“ 1 I find:
For the 2 - 8  keV band over the flux range (2.2 - 20) xlO 15 ergs cm 2 s 1 I find:
For the 0.5 - 8 keV band over the flux range (1.1 - 15) xlO “ 15 ergs cm“2 s“ 1 I find:
I compare the number counts with those obtained from the Chandra Deep Field North 
(CDFN, Brandt et al. 2001), the Chandra Deep Field South (CDFS, Giacconi et al. 2001), 
and those of Mushotzky et al. (2000, M2000). The number counts in the soft band are 
in very good agreement, with all three surveys falling within the l a  error region at the 
flux limit. The hard band counts display considerable variation over the four surveys. At 
the flux limit of our survey, the hard band counts agree well with CDFN and M2000 but 
are ^25%  higher than CDFS. This difference is less than 2a however, as the errors are at 
this point dominated by uncertainty in the observable sky area. At brighter fluxes where 
the uncertainty is small, the surveys differ by > 2a, most likely as a result of clustering.
The presence of clustering on these scales is well illustrated by the difference in the 
number counts observed in N1 and N2 (figure 5.6). There are 30% more sources in N1 
than N2 in the full band. In particular there an overabundance of brighter sources in N1 
at a flux of (1 — 2) x 10“ 14 erg cm“2 s“ 1.
A striking feature of the number count relations is the difference in slope between soft 
and hard band counts. Figure 5.7 over-plots the soft and hard band counts normalised 
to an equivalent full band flux. Normalisation is done in order to plot both populations 
on the same flux scale and does not affect the slope of the number counts. The hard 
band sources are assumed to have hard spectra and so are normalised using an alpha of 
0. The soft band sources are normalised assuming a soft spectrum with an alpha of 1. 
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Figure 5.6: Cumulative source counts (0.5 - 8 keV band) for the survey fields N I &  N2 
are over-plotted, illustrating the presence o f clustering on scales larger than the field size.
Normalised log Sx
Figure 5.7: Comparison o f the cumulative source counts for the combined fields in the 
soft and hard bands. The counts have been normalised to an equivalent fu ll band flux (see 
text, section 5.5.2) to better emphasise the difference in slope between these populations.
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fluxes. This can be explained through the mechanism of obscuration, which will act to 
harden the spectra while reducing the flux observed from X-ray sources.
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Figure 5.8: Contribution to the hard X-ray background. The integrated hard band flux 
for sources fa inter than 1 x 10-13 erg cm-2 s_1 in this survey are plotted as filled circles. 
The contribution from other surveys are extrapolated from reported number count slopes. 
Plotted values for the to ta l background exclude sources brighter than 1 x 10~13 erg cm -2 
s '"1.
Figure 5.8 plots the integrated source flux for our survey (filled circles) for all sources 
with S  < 10"13 erg cm-2 s-1 . At the flux limit of S2-s = 2.2 x 10"15 erg c m '2 s-1 the 
resolved flux amounts to 8.5 xlO -12 erg cm-2 s-1 deg“2. This is equivalent to between 50 
and 64% of the 2 - 8 keV background measured by Vecchi et al. (1999, Beppo-Sax) and 
Ueda et al. (1999, ASCA) respectively. To arrive at these values for the total background 
(as plotted in figure 5.8) the contribution from sources with S  > 10-13 erg c m '2 s-1 , as
J??PË9.?AX (Vecchpet al. 1999) 
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observed by ASCA (Della Ceca et al. 1999), has been subtracted. The contribution to 
the background at fainter fluxes has been extrapolated from the log(N) - log(S) of the 
CDFN survey (Brandt et al. 2001). By combining the results of our survey with that 
of CDFN the contribution to the background within the flux range 10“ 13 - 6 xlO -16 erg 
cm~2 s“ 1 becomes 1.12 xlO“ 11 erg cm“2 s“1 deg“2, equivalent to 66% and 84% of the 
aforementioned background estimates. To compare the contributions from other surveys, 
I have used the best fit to the log(N) - log(S) as published by Mushotzky-ei al. (2000), 
and Giacconi et al. (2001, 120ks exposure of CDFS). These have been normalised at the 
bright end using the log(N) - log(S) of ASCA sources from Della Ceca et al. (1999) to 
a bright limit of 10~13 erg cm-2 s-1 . The observed discrepancy between the different 
surveys may be due to the effects of clustering on scales larger than the survey regions.
5 .6  Star/gaiaxy classification
The optical counterparts for each X-ray source can be classified according to their agree­
ment with a stellar point spread function. This is done through the use of a ‘stellarity’ 
index from the SExtractor software package (Bertin & Arnouts 1996). A neural network 
examines 8 isophotal areas, the peak intensity and the seeing FWHM. The network has 
been trained to distinguish stars and galaxies by studying simulated images. The output 
param eter depends on the confidence with which the distinction can be made. A perfect 
PSF would be given a star/galaxy (s/g) classification of 1.0, while a significantly extended 
source would be given a classification of 0.0.
r' band images have been obtained for both N1 and N2 to a depth of ~  26th magnitude. 
These have been used to classify the Chandra sources into those with galaxy-like and 
quasar-like optical counterparts (Gonzalez-Solares et al. 2002). The cut-off has been 
chosen at s /g  =  0.8. A number of X-ray sources remain unclassified where they are 
associated with blank fields, gaps in the data, or are near to bright contaminating sources 
in the optical images. The cumulative soft-band source counts for each group have been
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Figure 5.9: Soft band number counts split between quasar-like and galaxy-like optical 
counterparts. In comparison the QSOs observed w ith ROSAT (Boyle et al. 1994) and 
associated models for the QSO X-ray luminosity function are over-plotted.
calculated and are plotted in figure 5.9. At bright X-ray fluxes quasar-like sources are 
the most numerous, however their number counts flatten appreciably below a flux of 
~  5 x 10“ 15 erg cm-2 s“ 1. At fainter fluxes the fraction of galaxy-like sources dramatically 
increases. At the flux limit of 4.6 x 1CT16 erg cm-1 s“ 1 there are 35% more galaxy-like 
sources than quasar-like sources.
The X-ray luminosity function from Boyle et al. (1994), was used to obtain number 
count predictions for broad-line AGN. This was based on observations of 107 QSOs from 
a deep ROSAT survey. These QSOs reached a flux limit of ~  5 x 10“ 15 erg cm“2 s“ 1 in 
the 0.5 - 2 keV band. I have used their best fitting models to construct predictions for 
the soft band QSO number counts (see section 3.5). These are over-plotted in figure 5.9 
to compare with the cumulative number counts for sources with quasar-like optical IDs.
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The first 2 models in figure 5.9 illustrate the case for a quasar population that decreases 
exponentially beyond a redshift of 2.7 (solid line), and one that stays constant out to an 
exponential cut-off at 2 =  5 (dashed line). These models also include relatively low 
luminosity AGN which may possibly be resolved into galaxies in our r' band images. A 
third model has therefore been added which excludes AGN with a 0.5 - 2 keV luminosity 
less than 1043'5 erg s 1 (dotted line). All three models are well matched to the data up to 
the flux limit of the ROSAT survey, however beyond this they all over-predict the number 
of quasar-like sources. In the limiting case where all the unclassified sources are stellar, 
the data  becomes a good fit to the z =  2.7 model. In reality, the majority of the fainter 
sources are classified as galaxies. It therefore appears likely that most of the unclassified 
objects are also actually galaxies. This would indicate that the luminosity function of 
Boyle et al. (1994) with a constant number density of quasars out to a redshift of 5 can 
be tentatively rejected. A full spectroscopic follow-up, to allow a comparison with true 
broad-line quasars, should be done before any further conclusions are made.
5 .7  Extended sources
To search for X-ray sources on scales much larger than the PSF I have run the source 
detection algorithm WAVDETECT using wavelet scales of 16, 16\/2, 32, 32\/2, and 64 
pixels (see section 5.3). Any sources found in addition to those already detected were 
checked by inspecting the adaptively smoothed Chandra images (figure 5.10).
No additional sources were detected in N1 and inspection of the smoothed image 
reveals no hint of large extended sources. In N2 there are 2 significant extended sources. 
The most significant of these is CXOEN2 J163637.3+410804 displayed in figure 5.11. The 
X-ray position (centred on the brightest component of the extended source) is at J2000 
16:36:37.38 +41:08:04.9. There are 207 net source counts in the 0.5 - 2 keV band in an 
area corresponding to a factor 17.5 larger than the PSF. This extrapolates to a soft band 
flux of 1.46 ±  0.15 x 10~14 erg cm-2 s_1, although this includes the flux from point source
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Figure 5.10: Adaptively smoothed soft band (0.5 - 2 keV) Chandra images of regions 
N1 (top) & N2 (bottom ). Extended sources can be clearly seen in the N2 image at the 
centre of the I I  chip (top corner), and at the edge of the 13 chip (upper left corner).
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Figure 5.11: This 2.5x2.5 arcmin r'-band image displays a cluster o f galaxies which co­
incide w ith the extended X-ray source CXOEN2 J163637.3+410804. The X-ray contours 
have been obtained by smoothing the Chandra data w ith a Gaussian o f 10 arcsec. The 
X-ray position is centred on the brightest component o f the extended source. (Figure 
courtesy o f C. W illo tt.)
N2_101 (CXOEN2 J163633.8+410730) which lies within the extended source region at a 
distance of 52 arcsec from the core. The r' band image of this region reveals the presence 
of a galaxy cluster.
The second extended X-ray source in N2 is also associated with a galaxy cluster. This 
source (shown in figure 5.12) is at the very edge of the Chandra image. Its position is 
approximately J2000 16:37:28.5 +41:00:13, although the centroid may in fact lie outside 
the area of the image. For this reason, the identification and properties of this source will 
not be reported here.
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Figure 5.12: This 3x3 arcmin r'-band image displays a cluster o f galaxies which coincide 
w ith an extended X-ray source very close to the edge o f the N2 Chandra image. The 
X-ray contours have been obtained from an adaptively smoothed Chandra image and can 
only be used as an illustration due to  edge effects. The centroid o f the X-ray source is at 
approximately J2000 16:37:28.5 +41:00:13.
5 .8  AGN contribution to 15//m surveys
Bottinelli et al. (2002), have cross-correlated the X-ray sources in N1 and N2 with the 
mid-infrared sources from the ELAIS survey. They find 3 extragalactic sources with 
15/xm fluxes > 1.5 mJy. Deeper studies of the Lockman Hole and the Hubble Deep Field 
North (HDFN) have been reported by Fadda et al. (2002). 218 square arcminutes in the 
Lockman region was observed by ISOCAM and XMM-Newton revealing 22 X-ray sources 
with a 15/mi flux > 0.3 mJy. A smaller region in the HDFN (24.3 square arcminutes) was 
observed with deep Chandra and ISOCAM exposures revealing 20 X-ray sources with a 
15/mi flux > 0.05 mJy. These number counts have been plotted in figure 5.13 and are
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Figure 5.13: Observed number counts of sources displaying both 15/im and X-ray emis­
sion (w ith  Poisson errors). These are compared with predictions for the AGN contribution  
developed in section 3.5. Values for the Lockman Hole and HDFN are taken from Fadda 
et al. (2002). Cross-correlations for the ELAIS regions are from Bottinelli et al. (2002).
compared with the predictions made in section 3.5 for the contribution of AGN to mid- 
infrared surveys. The predicted contribution of obscured AGN is based on the assumption 
th a t these sources are responsible for practically the entire hard X-ray background. This 
assumption has been supported by the the large fraction of the background that has been 
resolved in recent deep X-ray surveys (see section 5.5.3). The model uses a fit to the 
X-ray background from Comastri et al. (1995). This requires ~  84% of AGN to have 
X-ray absorbing columns greater than 1021 cm-2.
The total number of predicted sources is well matched to the observed data in fig­
ure 5.13. Towards fainter fluxes there is a slight excess in the observed number of sources 
over the predicted AGN contribution. This may be expected due to the contribution of
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starburst and nearby galaxies to the faint X-ray source counts (Hornschemeier et al. 2001, 
Elbaz et al. 2002). The optical colours and X-ray hardness ratios of sources in the Lock- 
man region indicate that ~  70% of the sources are type 2 AGN (Fadda et al. 2002), also 
in fairly good agreement with the predictions.
5 .9  Conclusions
I have presented the Chandra source catalogues for deep (75 ks) observations of the ELAIS 
fields N1 and N2. A total of 233 X-ray point sources are detected: 225 in the 0.5 - 8 keV 
band, 182 in the 0.5 - 2 keV band, and 124 in the 2 - 8  keV band. In addition, 2 extended 
sources are detected in N2 in the 0.5 - 2 keV band and are found to be associated with 
galaxy clusters.
An overdensity of sources is found in N1 with 30% more sources than N2. This 
difference is present in both the soft and hard band number counts. Log(N) - log(S) 
relations reveal a greater fraction of hard band over soft band sources as we move towards 
fainter fluxes. A similar trend is seen with the number of galaxy-like optical counterparts 




This thesis has been primarily involved with the X-ray properties of AGN, based on the 
analysis of data from ROSAT and Chandra. In chapter 2, ROSAT data has been used to 
study the short-timescale X-ray variability properties of high redshift QSOs. In chapter 3, 
models are developed to determine the emission properties of an obscured population of 
AGN assumed to be the primary constituent of the hard X-ray background. These models 
are compared with Chandra observations of sources in the ELAIS deep X-ray survey in 
chapter 5. These sources are catalogued and an analysis of their statistical properties is 
also carried out in chapter 5. Here, I will outline the main conclusions that have been 
determined from this work.
6.1 The X-ray variability of high redshift QSOs
A sample of 156 radio-quiet quasars were taken from the ROSAT PSPC archive covering 
a redshift range of 0.1 < z  < 4.1. The amplitude of their short timescale X-ray variability 
(on the order of 1 week) was determined using a maximum likelihood method. Individual 
QSOs were combined in ensembles in order to identify correlations of variability amplitude 
with luminosity and redshift. The following results were obtained.
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• Radio quiet quasars over the entire sample display an average variability amplitude 
of 15/) on a timescale of 1 week. This has been determined by measuring the 
maximum likelihood variability amplitude of an ensemble containing all 156 QSOs. 
Normalised o =  0.15 ±  0.01.
• For quasars at 2 < 2 there is a clear anti-correlation between quasar luminosity (Lx ) 
and variability amplitude (a). A power-law fit to the individual quasar variability 
estimates gives o oc with ¡3 =  0.27 ±  0.05.
• There is tentative evidence for an increase in QSO X-ray variability amplitude to­
wards high redshifts (z > 2) in the sense that QSOs of the same X-ray luminosity 
are more variable at z > 2.
Possible explanations for a high-redshift upturn in variability have been discussed. The 
simplest explanation may be that high-redshift QSOs are accreting at a higher efficiency 
than local AGN.
6 .2  Modelling the characteristics of a population of hidden AGN
Comastri et al. (1995) use the QSO X-ray luminosity function of Boyle et al. (1994) 
to determine the properties a population of obscured AGN would require in order to 
account for the spectral shape of the hard X-ray background. Using the ratios of X- 
ray absorbing columns given by Comastri et al., and the observed broad band spectral 
energy distributions of quasars, I have estimated the characteristics of this population 
from submillimetre to ultraviolet wavelengths. The following results were obtained.
• The broad-band emission expected from a population of obscured AGN necessary to 
account for the entire hard X-ray background does not exceed the measured cosmic 
background from submillimetre to UV wavelengths.
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• Predictions for the contribution of obscured AGN to mid-infrared surveys are a 
good fit to the number counts of sources displaying both 15/im and X-ray emission. 
Identification of a large proportion (~  70%) of these sources as type 2 AGN (Fadda 
et al. 2002) also provides good agreement with the model.
These results support the hypothesis tha t the hard X-ray background is primarily com­
posed of obscured AGN.
The QSO X-ray luminosity function from Boyle et al. (1994) used for construction 
of these models was also compared with the number counts of sources obtained from the 
ELAIS deep X-ray survey. The luminosity function undergoes pure luminosity evolution 
out to a redshift of 1.79 (zmax). The number density is then assumed to remain constant 
out to a redshift of 2.7, beyond which there is an exponential decline in the number 
density of quasars. For comparison, a second model was constructed with a constant 
number density of quasars out to a redshift of 5 before, again, an exponential decline. 
These models were compared with the observations.
• The QSO X-ray luminosity function from Boyle et al. (1994, model S) over-predicts 
the number of point-like X-ray sources at faint fluxes, if the number density of 
quasars is assumed to remain constant out to z =  5.
• A model for the luminosity function with an exponential decline in the number den­
sity beyond z  =  2.7 may still be a good fit if point-like X-ray sources are associated 
with quasars of luminosity L(0.5 - 2 keV) > 1043-5 erg s_1.
6 .3  Source statistics from the ELAIS deep X-ray survey
I have analysed source properties and statistics in two deep (75 ks) Chandra observations 
of the ELAIS fields N1 and N2. The catalogue is presented in appendix E. A total of 233 
X-ray point sources are detected: 225 in the 0.5 - 8 keV band (S > 1.1 x 10 15 erg cm
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s 1), 182 in the 0.5 - 2 keV band (S > 4.6 x 10“ 16 erg cm-1 s“ 1), and 124 in the 2 - 8  keV 
band (S > 2.2 x 10 15 erg cm-1 s_1). In addition, two extended sources are found in the 
N2 region (0.5 - 2 keV band) coincident with galaxy clusters seen in the optical images. 
Statistical analysis of source number counts reveals the following properties.
• Clustering of X-ray sources on scales comparable with the field size is evident from 
the overdensity of sources found in region N1 with 30% more sources than N2.
• The cumulative source counts for the hard X-ray band have a steeper slope than 
the soft band source counts. This leads to a higher fraction of hard band sources 
at fainter fluxes. A possible explanation is that obscuration is causing intrinsically 
bright, softer-spectrum AGN to appear as faint, hard X-ray sources.
• The majority of sources with bright X-ray fluxes have point-like optical counterparts. 
At fainter X-ray fluxes the fraction of galaxy-like optical counterparts dramatically 
increases. This may also be explained through the mechanism of obscuration where 
nuclear emission has been sufficiently obscured for the host galaxy to be resolved.
• Sources detected in the hard X-ray band to a flux limit of 2.2 x 10~15 erg cm-2 s-1 
contribute 50 and 64% of the 2 - 8 keV cosmic background measured by Vecchi et 
al. (1999, Beppo-Sax) and Ueda et al. (1999, ASCA) respectively.
This survey has uncovered a population of faint, hard X-ray sources with galaxy-like 
optical identifications. This may be a population of obscured AGN as hypothesised by 
Comastri et al. (1995) and further modelled in this thesis. Spectroscopic identifications 
and multi-wavelength analysis will now be necessary to further test this theory.
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6 .4  Suggested follow-up research
It is now im portant to conclusively test whether enhanced X-ray variability is evident 
in the high-redshift quasar population. Data now appearing in the Chandra and XMM- 
Newton archives would allow a great improvement over the analysis detailed in this thesis. 
In particular, the Chandra Deep Field - South (Giacconi et al. 2001), the Chandra Deep 
Field - North (Brandt et al. 2001), and XMM-Newton observations of the Lockman Hole 
(Hasinger et al. 2001) would provide a large sample for which measurements of variability 
in individual quasars can be made. The serendipitous Chandra (ChaMP) and XMM- 
Newton (XMM-SSC) surveys would also be able to provide data for rare, high-redshift 
quasars. W ith these data it would be possible to break the degeneracy between luminosity 
and redshift and accurately determine the correlation between variability amplitude and 
redshift.
The models for the broad-band emission of an obscured AGN population, presented 
here, were limited by the accuracy of the assumptions that were made. The relationship 
between the gas and dust found in AGN is unclear and the absorbing regions may be 
physically distinct. The gas-to-dust ratio may well depend on luminosity and line of sight. 
The mean spectral energy distribution (SED) of AGN could also be luminosity dependent, 
while some features (such as the submillimetre spectrum) are possibly due to contributions 
from the surrounding galaxy (starburst component). Further work is needed to better 
define the AGN SED and its behaviour with luminosity and with redshift. It is also 
im portant to establish the relationship between X-ray and optical absorption. Chandra 
and XMM will enable the accurate measurement of NH columns while spectroscopic follow- 
up can provide dust columns. Such a survey of gas-to-dust ratios may shed much light 
on the absorption properties of AGN.
Follow-up work for the ELAIS deep X-ray survey, characterising the multi-wavelength 
properties of the X-ray sources presented here, is already under way through the ELAIS 
collaboration. The nature of the sources that have now been found to make up virtually
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the entire hard X-ray background, has still to be established. In the longer term it will 
be im portant to properly constrain the AGN X-ray luminosity function and its evolution 
at high redshift. However, this will require the combination of a number of surveys in 
order to fully sample the luminosity-redshift plane. W ith the vast amount of high-quality 
X-ray data now being returned from Chandra and XMM-Newton we will soon know a 
great deal more about the sources that inhabit the X-ray universe, and perhaps have a 
host of new questions to answer.
X -ray  number count predictions
A ppendix  A
Equations used to generate the log N - log S relation for quasars in the soft X-ray band.
First I need to calculate the observed flux from an object at redshift z:
F0(vo) =  Fe(v i) /( l  + z) (A.l)
where the subscripts o & e signify the observed and emitted frames respectively. Flux is 
measured in erg s-"1 cm-2 keV-1 .
A K-correction must then be applied to convert from the flux emitted at u0 to that 
emitted at ux. Quasar X-ray spectra can be modelled by a power law with F(v)  oc v~a x . 
Therefore:
Fe{vi) = Fe(vv)/(l + z )ax (A.2)
combined with equation A.l to give:
F0(v o) =  Fe(v0) / ( l  + z )1+ax (A-3)
L(v  o)
47rD2(l +  z )1+ax
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I now need to integrate the total number of quasars over all space and a range of lumi­
nosities:
r L x { z ) M A x  r
No. = / / <f>x (Lx ,z )dL dV  (A.6)
J L x (z ) m j n  J  A l l  S p a c e
where $  is the luminosity function given in equation 3.1 and the comoving volume element 
dV is given by:
x d2rcdzdQ
dV (z) = ----------  ̂ r  (A.7)
Ho(l +  ^)3(1 +  2qoz ) 2
For cjo = 0 this becomes:
c3z2( 1 +  f )2dzd£l
d V ^  =  m t r  (A-8)
I can now integrate the total number of quasars as a function of luminosity and redshift: 
/  r  \ 3 r L x { z ) M A X  rZMAX $ v ( L y  z ) z 2 ( 1  +  - ) 2 f
N 0. =  ( ~ )  /  ~  -----2~ d z d L  dfl (A.9)
\ F i O /  J L x {z ) m i n  d z = 0 \  Z )  J s q . d e g
In practice this is done by creating a 2-dimensional array in luminosity and redshift and 
assigning a number density and observed flux to each element. To create the log N - log 
S plot, elements are added cumulatively down to a limiting observed flux, S. Note, that
for the Boyle luminosity function luminosities are given for the wavelength range 0.3 -
3.5 keV. Therefore the observed fluxes derived from these equations will also be over this 
band.
For a cosmology with q0 = 0, the luminosity distance dL =  cz( 1 +  f ) / H 0. Therefore:
A ppendix  B
15yum number count predictions
From the calculations in the previous section I have quasar number density as a function 
of redshift and X-ray luminosity, 1,(0.3 -  3.5 keV). I need to convert L(0.3 — 3.5 keV) to 
observed IR flux at 15/xm. From Green et al. (1992), I take the mean X-ray to IR ratio 
for radio quiet quasars:
L x {0-5 — 4.5keV)
v60 /tm
where
log '    ' - ) =  -0 .29  ± 0 .17  (B.l)
\  -t, u  )
f 4'5 v~axdv
Lx (0-5 -  LhkeV)  =  %  L x {0.3 -  3.5keV) (B.2)
J O . 3 U ~ a X d u
For an a x  of 0.7, this ratio is ~  1. Therefore:
Leoum = L x (0 .3-3 .5keV )/0 .51  erg s^1
=  ^v(Q-3 3.5keV) erg s- i  keV- i  (B 3)
0-51 Uqq/j,m
Therefore the flux in the emitted frame at 60/rm is just:
Fe(60/J,m) = erg s_1 cm-2 keV“ 1 (B.4)
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Green et al. (1992), also give a mean slope for the spectrum of radio quiet quasars in the 
infrared of a (12, 60) =  0.8 ±0.11:
/  \  - 0.8
Fe(15/j,m) = ( ) Fe(60fim) =  4-°'8Fe(60Aim) (B.5)
V ^ 6 0 J
The observed flux is then calculated as in equation A.3. The slope appropriate for A < 
15/im is found by inspection of the SED shown in figure 3.1, to be a  ~  1.0. Therefore:
F0(15fam) =  i?e(15/im )/(l +  z)2 (B.6)
Combining equations B.3 to B.6 gives:
F„(15/im) =  ^ ( 0 - 3  -  3 .5 W )  j l t . y 4-°-»
0.51 4llD2(\ +  z)2
Lx (0.3 — 3.5keV) vikeV 4 °'8 
0.51 U60fim 47rd2L
Lx (0.3 -  3.5keV) uikeV 4 °-8ifg 
0.51 v60t,m 4txc2z2(1 +  | ) 2
This is converted to flux in mJy (1 mJy =  0.242 x 10“8 erg s ' 1 cm-2 keV-1). The 
dispersion in the ratios found by Green et al. (1992), are also included in the program by 
making use of a random number generator. The log N - log S relation is constructed in 
the same way as for the X-ray number counts.
A ppendix  C
Background calculation
The background contribution from AGN is calculated in a similar way to the number count 
estimates. W ithin the luminosity - redshift array, the number densities are multiplied by 
the derived flux and integrated over the entire range. The flux at any given wavelength 
is found as follows:
r T . Lx (0 .3 -3 .5 keV )  , x
L x ( lk e V )  =  M  (C.l)
J0.3 "  * dl/
Therefore:
=  L x (0.3 -  3.5keV)/2.53 for a x  =  0.7 (C.2)
F f V - v )  Lx (0 .3 -3 .5 ke V ){ l  + z )2
F‘ (lkeV ) = 2.53 x 4 ^ ---------  (C'3)
Lx ( 0.3 — 3.3keV)Hl[l  +  z) 2
for q0 = 0 (C.4)
2.53 x 4 ttc2 z 2 ( 1  +  §)2
This flux density in the emitted frame is then converted to flux density over the entire 
wavelength range from submillimetre through to X-ray using flux ratios (R„) from the 
SED of Elvis et al. (1994), where Fe(v) =  Fe(lkeV)  x R v. This SED is modified when 
taking into account the contribution from absorbed sources. The k-correction (1 +  z)k 
also uses the whole SED. An additional factor of (1+z) from equation A .l must be taken
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into account to convert to flux in the observed frame, giving:
w = Li ° t  3/ k:T !n tz) x m i + (c. 5)2.53 x 47rc2z2(l +  §)2 
This is converted to flux in mJy as before.
A ppendix  D
Eddington bias calculation
Random errors in flux measurements can systematically alter the source counts measured 
above a given flux limit. This is known as the ‘Eddington bias’ (Eddington 1913). If 
the true differential number counts are increasing towards fainter fluxes, the measured 
number counts will be artificially increased. The two factors affecting the bias are the 
slope of the number counts, and the measurement error on the flux.
Peterson (1997, pl62) derive the Eddington bias based on measurements of magnitude 
(m). They assume measurement errors are Gaussian distributed with width a in magni­
tudes. They also assume the cumulative number counts can be described by the following 
equation:
where k is a constant.
It is then possible to calculate the ratio of the true differential number counts, A(m), 
to the observed differential number counts A0bS(m), as follows:




For sources in the ELAIS deep X-ray survey, measurements are in units of erg cm 2 
s F Equation D .l can be rewritten:
logN (>  S) ex C  — 2.5k logS  (D.3)
k can then be simply derived from the slope of the log(N) - log(S). For the full-band 
sources (equation 5.8), k =  0.32.
To calculate a, the mean measurement error at the flux limit needs to be converted 
to an error in magnitudes:
a  =  Am =  -2 .5  log Su™ (D.4)
^Lim i
Assuming a 40% error on measurements at the flux limit gives a  =  0.37 mag. Putting 
these values into equation D.2 gives:
=  ° - 9 6  < D ' 6 >A obs(m )
The measured differential counts are ~  4% higher than the true differential counts at 
the flux limit. However, this will only affect the counts within AS of the flux limit. 
Equation 5.8 can be used to estimate the number of affected sources. This gives ~400 
sources within AS of the full band flux limit, out of a total of ~1600 per square degree. 
Therefore the number counts have been overestimated by 16 (4% of 400) counts out of a 
total of 1600, or 1% of the cumulative number count total.
A ppendix  E
The Chandra source catalogue
Here the full catalogue of Chandra sources detected in the ELAIS fields N1 and N2 
is presented. The details of source detection and methods used in construction of the 
catalogue are given in chapter 5. Table E .l lists the 130 sources detected in the ELAIS 
N1 field, and table E.2, the 103 sources detected in the ELAIS N2 field. Columns provide 
the following information: i) ID number; ii) official IAU source name (coordinates are 
truncated to the required accuracy); iii-iv) astrometrically corrected source coordinates 
(J2000 Equinox); v) positional error in arcseconds including contributions from centroid 
uncertainty and astrometric error; vi) net source counts in the 0.5 - 8 keV band (Note: 
where sources are only detected in the soft or hard bands, net counts are for that band 
only); vii) Signal-to-noise as defined in section 5.4, calculated in the same band as the 
net counts; viii-x) source flux in each band assuming a photon index of F =  1.7; xi) 
hardness ratio defined as (H-S)/(H+S), where H & S are net counts in the hard and soft 
bands respectively; xii) Vega r' magnitude for the most likely optical counterpart (courtesy 
of E. Gonzalez-Solares); xiii) SExtractor ‘stellarity’ parameter as defined in section 5.6 
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Figure E.2: Source positions in the Chandra image o f region N2.
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